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ABSTRACT 

Antrim,  John  deCourcy.  M.S.C.E.,  Purdue  University, 
August,  1958.  A  Study  of  the  Fatigue  Properties  of  Air- 
Entrained   Concrete.      Major  Professor;      Martin   J.    Gutzwlller. 

This    investigation  was   concerned   with  establishing 
whether   or  not   there    is   a   definite    distinction  between  the 
resistance   to  fatigue   of  air-entrained    plain   concrete   and 
non-air-entralned    plain   concrete.      Two  mix   designs   were 
used,    one    for  the   non-air-entrained   concrete  and   one    for 
the   air-entrained   concrete,    each  being   designed   to   produce 
a   compressive    strength  of   4000   psi.      Cylindrical   specimens, 
3   inches    in  diameter  by  6   inches    in   height,    were   used. 
Numerous    cylinders  were   tested    in  static   compression   to 
arrive   at   an   estimate   of  the   ultimate    static   compressive 
strength  of  each  type   of  concrete.      Other  cylinders   were 
tested    in  compression   at   specific    stress    levels   at   a   speed 
of   1000  cycles   per  minute    in  the   Krouse-Purdue  Axial-load 
Fatigue   Testing  Machine.      A  statistically  sound   analysis 
was    insured  by  using   over  50   specimens    for   the   fatigue 
testing  and   over  200   specimens   for   the   static    testing. 

It   was   found    that  v/ithin  the    limits    of  the    investiga- 
tion,   the   fatigue   behavior  of   air-entrained    plain  concrete 
is    similar  to   that   of  non-air-entrained    plain   concrete.      The 
results   also   show,    however,    that    the   air-entrained   concrete 
is   more   uniform  than  the   non-air-entrained   concrete   with 
regard   to  both  fatigue   and    static   strength  properties. 
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INTRODUCTION 

As  technology  has  progressed,  there  has  been  an 
increased  need  for  information  concerning  the  behavior  of 
concrete  vmder  repeated  applications  of  loads  that  are  less 
than  the  ultimate.   This  type  of  loading,  known  as  a  fatigue 
loading,  does  not  occur  as  frequently  as  the  steady  or 
static-type,  but  it  is  Just  as  important  a  factor  in  design 
for  those  cases  where  it  is  present.   Bridges  which  are  sub- 
jected to  loads  varying  from  dead  to  dead  plus  live,  and 
highway  slabs  which  are  subjected  to  repeated  loads  varying 
from  practically  zero  to  some  maximum  are  two  important 
examples  of  concrete  in  service  being  subjected  to  fatigue 
loadings. 

A  type  of  fatigue  loading  sometimes  encountered  is  that 
in  which  the  stress  reverses  during  a  cycle.   In  general, 
however,  the  particular  fatigue  limit  of  concrete  which  is 
of  greatest  concern  is  that  limit  for  cycles  of  stress  vary- 
ing from  zero  to  a  maximum  in  one  direction  only. 

Experience  has  shown  that  it  is  insufficient  for  the 
designer  to  know  the  fatigue  strength  of  the  concrete  at  a 
specified  fatigue  life,  or  in  the  case  of  certain  metals, 
the  value  of  the  fatigue  limit;  he  needs  to  know  the  shape 
of  the  S-N  curve.   From  the  S-N  curve  he  can  relate  his 
particular  working  stresses  to  a  fatigue  life  or,  knowing 
the  number  of  cycles  of  stress  a  structure  will  receive  in 
its  lifetime,  he  can  select  the  maximum  stress  which  will 
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not  cause  failure. 

The  highway  engineer,  in  addition  to  lacking  adequate 
Information  on  the  fatigue  of  concrete,  now  needs  informa- 
tion on  the  fatigue  of  air-entrained  concrete  because  of 
the  incressed  use  of  air-entrained  concrete  in  paveinents 
and  reinforced  concrete  bridges.   The  available  literature 
contains  no  Infonnation  concerning  the  fatigue  character- 
istics of  this  type  of  concrete.   Over  the  past  15  years, 
the  use  of  air-entrained  concrete  has  increased  consider- 
ably, and  there  is  every  indication  that  it  will  be  used  to 
an  even  greater  extent  in  the  future.   At  the  present  tine, 
all  but  one  state  highway  organization  specifies  the  use  of 
air-entrained  concrete. 

Although  there  has  been  no  Infonnation  reported  on  the 
fatigue  behavior  of  air-entrained  concrete,  it  is  known 
from  many  studies  (7)'^^  that  air-entrained  concrete  has  cer- 
tain properties  which  differ  from  those  of  non-air-entrained 
concrete.   When  concrete  contains  entrained  air,  the  follow- 
ing are  noticed: 

1.  The  workability  is  improved. 

2.  The  fine  aggregate  content  can  be  reduced. 

3.  The  water  requirements  can  be  reduced. 

4.  The  modulus  of  elasticity  decreases. 

"  Numbers  in  parentheses  refer  to  reference  listed  in 
REFERENCES  CITED. 
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5.  The  compressive  and  flexural  strengths  may  be 
reduced. 

6.  The  durability  in  freezing  and  thawing  may  be 
increased. 

7.  Greater  uniformity  is  obtained. 

Since  many  properties  of  concrete  are  altered  by  the 
addition  of  entrained  air,  the  question  naturally  arises  as 
to  what  effect  entrained  air  has  on  the  fatigue  properties 
of  concrete.   The  work  reported  in  this  thesis  had  as  its 
objective  the  establishment  and  compsrison  of  S-N  curves 
for  non-air-entrained  concrete  and  for  air-entrained 
concrete. 
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SURVEY  OF  TIIE  LITER/.TURE 

A  rather  comprehensivo  literature  search  was  conducted 
for  articles  in  the  English  language  related  to  or  on 
fatigue  of  concrete.   There  was  also  conducted  a  less  com- 
prehensive survey  of  the  literature  on  fatigue  of  metals 
that  was  limited  to  articles  concerning  the  theory  of 
fatigue  failure  and  the  more  common  fatigue  properties  of 
metals. 

The  information  relating  to  metals  is  presented  ahead  of 
the  information  relating  to  concrete  because  it  was  felt 
that  it  provides  a  good  background  on  fatigue  behavior.   A 
section  on  nomenclature  has  also  been  included  so  that  the 
reader  will  be  familiar  with  the  terminology  that  appears 
throughout  this  thesis. 

Nature  of  Fatigue 

Fatigue  is  defined  as  the  weakening  and  subsequent 
failure  of  a  material  resulting  from  a  frequently-repeated 
stress.   This  stress  is  further  defined  as  that  stress  which 
is  less  than  the  ultimate  strength  of  the  material  as  deter- 
mined from  a  static  test.  When  a  material  is  subjected  to 
repeated  stresses  of  sufficient  magnitude,  a  microscopic 
crack  is  produced,  which,  under  the  action  of  the  repeated 
stresses,  spread  until  failure  occurs  (1). 

There  are  three  basic  forms  of  stresses  that  are  encoun- 
tered in  fatigue  action  (11): 
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1.  Stresses  that  reverse  from  tension  to  compres- 
sion. 

2.  Stresses  that  may  only  be  pertly  reversed, 

3.  Stresses  that  fluctuate  from  a  maximum  tc  s 
minimum  yet  remain  entirely  tensile  or  compres- 
sive. 

Fatigue  failure  is  shown  by  most  metals  and  metallic 
alloys,  by  some  plastics,  by  woods  and  plywoods,  by  con- 
crete, and  probably  by  other  materials  that  have  yet  to  be 
investigated  with  respect  to  fatigue.   The  majority  of 
fatigue  investigations  have  been  conducted  in  the  field  of 
metals.   From  tests  on  these  materials  there  has  been  col- 
lected a  wealth  of  experimental  data  that  permits  explana- 
tions of  some  of  the  aspects  of  fatigue  action. 

In  the  case  of  metals,  fracture  always  occurs  through 
the  crystals  and  not  along  the  boundaries.   The  cracks  start 
in  regions  of  high  local  stress  where  a  considerable  amount 
of  slip  has  taken  place  and  they  spread  along  slip,  twin,  or 
cleavage  planes;  but  never  along  grain  boundaries.   For  both 
the  ranges  of  stress  which  cause  failure  and  the  ranges  of 
stress  which  do  not  cause  failure,  slip  lines  appear  and 
increase  in  number  as  the  test  goes  on  but  the  rate  of 
appearance  of  new  slip  lines  decreases  because  of  strain 
hardening.   If  a  safe  range  of  stress  is  applied,  a  stage 
is  finally  reached  where  no  additional  slip  lines  develop 
and  no  serious  damage  to  the  lattice  structure  takes  place. 
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With  an  unsafe  range  of  stress,  the  production  of  slip  lines 
does  not  come  to  a  standstill,  and  lattice  distortion  is 
observable  in  many  crystals  after  only  a  few  cycles.   As  the 
nuEiber  of  cycles  increases,  the  extent  of  distortion  end  the 
number  of  damaged  crystals  also  increases  (1). 

The  fatigue  failure  as  applicable  to  metals  can  be  sum- 
marized as  follows: 

1.  Slip  occurs,  the  result  being  strain  hardening 
and  lattice  distortions. 

2.  The  fatigue  crack  starts,  its  nucleus  generally 
being  positioned  at  some  surface  notch,  nick, 
scratch,  flaw,  or  sharp  change  of  section  or 
contour. 

3.  The  crack  spreads  along  the  path  of  least 
resistance,  due  to  stress  concentration.   The 
spreading  continues  until  the  cross-section  of 
the  metal  is  reduced  so  much  that  the  remaining 
portion  tears  or  breaks  away  suddenly;  thus, 
fatigue  failure  usually  exhibits  two  zones:   the 
brittle  zone  due  to  the  real  fatigue  action,  and 
the  fibrous  zone  having  the  same  appearance  as  a 
failure  under  static  stress. 

Nomenclature 
The  nomenclature  used  by  the  early  investigators  when 
reporting  their  fatigue  studies  was  net  consistent.   In 
1S49,  the  American  Society  for  Testing  Material's 
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Manual  on  Fatigue  Testlnp;  (11)  presented  a  standardized  set 

of  symbols  and  definitions.   The  nomenclature  from  this 

ASTM  Manual  which  is  applicable  to  this  thesis  is  qs  follows: 

Stress  Cycle.  -  A  stress  cycle  is  the  smallest  sec- 
tion of  the  stress-time  function  which  is 
repeated  periodically  and  identically. 

Nominal  Stress,  S.  -  The  stress  calculated  on  the 
net  section  by  P/A  without  taking  into  account 
the  variation  in  stress  conditions  caused  by 
geometrical  discontinuities  such  as  holes, 
groves,  fillets,  etc.   (For  the  purposes  of  this 
investigation  "S"  will  be  the  percentage  of  the 
ultimate  strength  of  the  net  section) . 

Maximum  Stress,  S„„_  -  The  highest  algebraic  value 
of  the  stress  in  the  stress  cycle,  tensile 
stress  being  considered  positive  and  compressive 
stress  negative. 

Minimum  Stress,  S^    -  The  lowest  algebraic  value 

of  the  stress  in  the  stress  cycle,  tensile  stress 
being  considered  positive  and  compressive  stress 
negative. 

Range  of  Stress,  S    -  The  algebraic  difference 

between  the  maximum  and  minimum,  stress  in  one 

cycle,  that  is,  S„  =  S    -  S  .  . 
"'    *        *   r    max    min 

Mean  Stress,  S^.    -  The  algebraic  mean  of  the 
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maximum  and  minimum  stress  in  one  cycle,  that 
is,  S^  =  1/2(3^,^+  S^^^). 

Stress  Retlo,  R.  -  The  algebraic  ratio  of  the  mini- 
mum stress  to  the  maximi;mi  stress  in  one  cycle, 
that  is,  R  =  ^In/s 

Fatigue  Life,  N.  -  The  number  of  stress  cycles  which 
can  be  sustained  for  a  given  test  condition. 

S-N  Diagram.  -  A  plot  of  stress  against  number  of 
cycles  to  failure. 

Fatigue  Limit  (or  Endurance  Limit),  S^.  -  The  limit- 
ing value  of  the  stress  belov/  which  a  material 
can  presumably  endure  an  infinite  niomber  of 
stress  cycles,  that  is,  the  stress  at  which  the 
S-N  diagram  becomes  horizontal  and  appears  to 
remain  so. 

Fatigue  Strength,  S  .  -  The  greatest  stress  which 

can  be  sustained  for  a  given  number  of  stress 

cycles  without  failure. 

Figure  1  illustrates  a  fluctuating  compressive  stress 

and  further  explains,  diagranmatically,  some  of  the  above 

terras. 

The  S-N  Diagram 
A  popular  v/ay  of  representing  fatigue  test  results  is 
through  the  use  of  the  S-N  diagram.   The  stress,  S,  is  com- 
monly plotted  on  the  ordinary  cartesian  scale  and  the  number 
of  cycles,  N,  may  be  similarly  plotted.   More  commonly  N  is 
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plotted  on  a  logarithmic  scale  ( "serr.l-log**  plot).   In  cc-ii- 
tlon,  it  l3  sometimes  convenient  to  plot  the  stress  on  a 
logarithmic  scale  ("log-log"  plot),   '//hen  the  arithmetic 
method  of  plotting  is  used,  the  fatigue  limit  chosen  is 
different  from  the  limit  chosen  v/hen  the  semi-log  method  of 
plotting  is  used.   This  difference  is  a  result  of  the  left 
hand  portion  of  the  S-H  curve  having  considerably  greater 
curvature  than  that  encountered  in  the  curves  resulting  from 
the  other  two  methods  of  plotting.   Figure  2  illustrates 
this  difference  in  the  S-N  curves.   The  fatigue  limit 
selected  is  usually  at  a  lower  number  of  cycles  than  is 
actually  the  case.   Another  advantage  of  the  semi-log  and 
log-log  methods  of  plotting  is  that  by  using  the  log  scale 
for  N  the  percentage  of  error  is  the  same  for  both  small  and 
large  values  of  N  (15). 

Fatigue  Properties  of  Metals 
Studies  of  the  fatigue  behavior  of  ferrous  metals  and 
ferrous  alloys  have  been  sufficient  in  ntunber  to  permit  the 
establishment  of  a  number  of  well  defined  patterns  which  are 
characteristic  of  metels  undergoing  fatiguing  action.   On 
the  other  hand,  fatigue  studies  related  to  concrete  are  small 
in  number  and  since  certain  similarities  have  been  observed 
between  the  fatigue  behavior  of  concrete  and  metals,  a  know- 
ledge of  the  behavior  of  the  latter  is  helpful  in  understand- 
ing the  behavior  of  concrete. 
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In  meny  cases,  the  behavior  of  one  metal  is  not  the 
same  as  another.   However,  there  are  a  number  of  features 
which  arc  common  to  all  metals.   This  basic  nature  of 
fatigue  can  be  summarized  from  the  many  references  reviewed 
as  follows: 

1.  Ferrous  metals  and  ferrous  alloys  have  a  defi- 
nite fatigue  limit,  that  is,  the  S-II  curve  for 
these  materials  becomes  practically  horizontal. 

2.  Most  nonferrous  materials  have  no  definite 
fatigue  limit  and  the  fatigue  strength  must  be 
reported  in  terms  of  both  a  stress  and  the 
number  of  cycles  endured  at  that  stress. 

3.  Flaws  or  discontinuities  either  on  the  surface 
or  in  the  interior  of  a  piece  have  a  detrimental 
effect  on  the  range  of  stress  which  may  be  with- 
stood for  a  given  number  of  cycles. 

4.  Speed  of  testing  and  temperature  under  nonnal 
conditions  have  little,  if  any,  effect  on  the 
fatigue  strength  of  metals  except  under  special 
conditions.   High  temperature  is  one  of  these 
special  conditions. 

5.  If  a  metal  is  repeatedly  stressed  just  below  its 
fatigue  limit  (understressing) ,  it  nay  gain 
strength.   When  tested  at  a  higher  stress,  its 
fatigue  life  is  generally  longer  than  the 
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fatigue  life  of  a  virgin  piece  Initially 
stressed  at  the  higher  level. 

6.  If  a  metal  is  repeatedly  stressed  above  the 
fatigue  limit  short  of  failure  ( overstresslng) , 
it  will  ultimately  fail  when  tested  at  a  stress 
below  the  fatigue  limit. 

7.  At  a  given  fatigue  life  the  range  of  stress 
necessary  to  produce  failure  usually  decreases 
as  the  mean  stress  is  increased. 

Numerous  efforts  have  been  made  to  correlate  fatigue 
strengths  with  other  properties  of  the  materials  (19).   The 
fatigue  strength  of  ferrous  metals  subjected  to  completely 
reversed  stresses  is  best  correlated  with  the  tensile 
strength.   This  fatigue  limit  is  generally  about  50  percent 
of  the  ultimate  tensile  strength.   Hov/ever,  the  fatigue 
limit  may  vary  between  40  and  60  percent  of  the  ultimate 
tensile  strength.   Hardness  is  another  property  which  shows 
a  fair  correlation  with  the  fatigue  limit  when  the  Brinell 
and  Rockwell  hardness  numbers  are  used  in  the  comparison. 
Proportional  limit,  yield  point,  ductility,  and  impact 
values  of  wrought  ferrous  metals  show  very  poor  correlation 
with  the  fatigue  limit.   In  addition,  very  poor  correlation 
is  shown  in  the  case  of  nonferrous  metals,  where  the  fatigue 
limit  varies  from  18  to  50  percent  of  the  ultimate  tensile 
strength. 
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Fatip^ue  Properties  of  Concrete 
Information  pertaining  to  the  fatigue  properties  of 
concrete  can  be  divided  into  a  number  of  categories  but  for 
the  purposes  of  this  thesis  the  information  is  presented  in 
two  parts.   The  first  part  pertains  to  the  fatigue  of  plain 
concrete  and  it  is  for  this  part  that  detailed  information 
has  been  obtained,  since  the  study  was  confined  to  plain 
concrete.   The  second  part  is  concerned  with  the  fatigue 
properties  of  reinforced  concrete  and  prestressed  concrete. 

Plain  Concrete 

Most  of  the  investigations  concerned  with  the  fatigue 
behavior  of  plain  concrete  were  conducted  during  the  period 
from  1900  to  1928.   Although  test  procedures  differed,  some 
of  the  results  from  each  investigation  are  similar.   Prob- 
ably the  most  important  discovery  was  that  the  fatigue 
limit  of  plain  concrete  appeared  to  be  approximately  55 
percent  of  the  ultimate  static  strength  of  the  concrete. 

Van  Orniim  (20)  was  the  first  to  investigate  the  fatigue 
of  concrete  in  compression.   Tests  were  performed  on  2-inch 
cubes  of  neat  portland  cement  at  the  age  of  four  weeks.   The 
ultimate  strength  of  the  cubes  was  determined  by  static 
tests  and  then  similar  cubes  were  subjected  to  specific  per- 
centages of  the  ultimate  strength,  the  range  being  from  55 
to  95  percent.   A  minlm\im  load  of  4  percent  of  the  ultimate 
strength  was  maintained  and  the  testing  was  conducted  at  a 
rate  of  four  repetitions  per  minute.   Van  Orn-om' s 
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Interpretation  of  an  arithmetic  plot  of  the  data  was  that 
the  fatigue  limit  for  neat  portland  cement  cubes  lies  in 
the  vicinity  of  55  percent  of  the  ultimete  strength.   Later 
on,  however,  Moore  and  Kommers  (13)  plotted  the  same  data 
on  logarithmic  coordinates,  and  they  concluded  that  although 
the  tests  were  not  carried  out  to  a  sufficient  number  of 
cycles,  there  was  an  indication  that  the  fatigue  limit  is 
about  50  percent  of  the  ultimate  static  strength. 

In  a  later  series  of  tests.  Van  Omura  (21)  investigated 
concrete  beams  in  compression.   The  5-  by  5-  by  12-inch 
prisms  were  cured  in  water  for  two  weeks  and  then  stored  in 
air  until  testing.   Testing  v/as  done  at  the  ages  of  one 
month  and  one  year,  using  a  minimum  load  of  500  pounds  and 
4  to  8  repetitions  of  stress  per  minute.   Van  Ornum  found 
that  the  curve  for  modulus  of  elasticity  of  the  besims  under- 
going repeated  stress,  showed  an  increase  for  the  second 
loading,  a  decrease  during  the  next  few  loadings  to  its 
original  value,  and  then  a  gradual  straight-line  decrease 
during  the  greatest  portion  of  the  test,  terminating  in  a 
downward  curve  as  the  failure  point  was  approached.   Those 
specimens  observed  when  the  maximum  stress  was  below  the 
fatigue  limit  had  a  modulus  curve  through  the  first  two 
stages  similar  to  that  described.   Thereafter,  it  kept  s 
constant  value.   Although  he  describes  the  shape  of  the 
modulus  curve.  Van  Ornum  does  not  mention  how  the  modulus 
of  elasticity  was  measured. 
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Another  phenomenon  observed  by  Van  Omum  was  a  perma- 
nent set  which  occurred  In  all  specimens  during  the  first 
few  loadings.   For  those  specimens  which  finally  failed, 
the  pennanent  set  became  comparatively  small  during  the 
third  and  fourth  stages.   Koore  and  Kommers  (13)  plotted 
the  results  of  Van  Ornum's  tests  on  logarithmic  coordinates; 
and  concluded  that  there  is  some  evidence  of  a  break  in  the 
curve  for  the  one  year  old  beams  which  indicates  a  fatigue 
limit  of  55  percent  of  the  ultimate  static  stress.   They 
also  concluded  that  there  is  no  indication  of  a  fatigue 
limit  for  the  one  month  old  beams. 

Clemmer  (3)  conducted  flexure  tests  on  6-  by  6-  by  36- 
inch  beams  using  a  1:2:3  1/2  mix  and  a  1:3:5  mix.   A  canti- 
lever action,  v/hlch  repeated  40  times  per  minute  on  each 
beam,  was  induced  by  loading  the  free  ends  of  the  beams 
with  rubber-tired  wheels  actuated  by  en  axle.   A  definite 
loading  period  was  used  with  the  load  being  Increased  after 
each  loading  period  until  failure  occurred.   Clemmer  con- 
cluded:  a)  that  the  fatigue  limit  of  the  concrete  was  51  to 
54  percent  of  the  modulus  of  rupture  as  detennlned  from  one 
application  of  load,  b)  that  repetitions  of  loads  which 
produced  less  than  the  critical  stress  apparently  increased 
the  strength  of  the  concrete,  c)  that  a  stress  below  the 
fatigue  limit  did  not  cause  permanent  deformation,  and  d) 
that  for  the  same  percentage  of  ultimate  strength,  a  con- 
siderable reduction  was  found  in  the  number  of  repetitions 
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of  loads  which  were  required  to  cause  failure  in  the  1:3:5 
mix  than  was  the  case  for  the  1:2:3  1/2  mix. 

Crepps  (4)  reported  in  1323  on  a  continuation  of  the 
tests  started  by  \7.  K.  Hatt  at  Purdue  University.   Mortar 
beams,  4  by  4  by  30  inches,  were  tested  by  placing  the  beans 
upright  and  loading  them  by  a  bracket  fixed  to  one  end.   A 
full  reversal  of  bending  stress  was  applied  at  a  rate  of  10 
cycles  per  minute.   It  was  found  that  the  fatigue  limit  for 
the  mortar  beams  tested  after  26  days  of  curing  eppeared  to 
be  betv/een  40  and  60  percent  of  the  ultimate  strength.   For 
the  four  month  tests,  the  limit  was  approximately  50  tc  55 
percent  of  the  ultimate  strength,  and  for  the  six  month 
tests  the  limit  v/as  54  to  55  percent  of  the  ultimate 
strength.   Another  observation  reported  was  that  mortar 
undergoing  a  fatiguing  action  had  an  appreciable  recovery 
of  strength  during  a  period  of  rest.   A  five  week  rest 
period  occurred  when  the  beams  were  five  m.onths  old,  and  it 
was  though  that  the  strength  did  not  increase  through  nonaal 
aging  during  the  rest  period. 

Probst,  as  reported  by  Koore  and  Komiriers  (lo),  perfonned 
tests  on  7-  by  7-  by  2S-centimeter  concrete  compression 
specimens.   The  tests  were  concerned  with  the  elastic  prop- 
erties of  the  concrete.   The  results  Probst  obtained  rein- 
forced the  conclusions  drawn  by  Van  Ornum.   Specimens  under- 
going fatigue  action  were  subjected  to  a  maximum  stress  of 
38  percent  of  the  ultimate  static  strength.   The  modulus  of 
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elasticity  of  those  specimens  reached  a  constiint  value  of 
about  79  percent  of  the  value  of  unfatigued  specimens  at  the 
same  stress.   According  to  Moore  end  Konuners  (13),  Van 
Ornun's  tests  showed  that  s   modulus  of  elasticity  value  of 
G7  percent  of  the  value  of  unfatigued  specimens  existed  at 
a  maximum  stress  of  50  percent  of  the  ultimate  static 
strength. 

Impact  fatigue  tests  were  part  of  an  investigation  on 
plain  concrete  conducted  by  Thompson  (18).   Four  beams  were 
tested  using  a  testing  program  of  60  blows  per  minute  for 
3  hours  and  a  rest  period  of  21  hours,  the  cycle  being 
repeated  continuously  for  30  days.   The  beams  were  277  days 
eld  at  the  start  of  the  tests,  and  the  fatigue  limit 
appeared  to  be  55  percent  of  the  ultimate  strength. 

Mehmel's  work  is  also  reported  by  Moore  and  Kommers 
(13),  and  like  Probst,  Mehrael  was  concerned  with  the  elastic 
properties  of  the  concrete.   The  7-  by  7-  by  28-centimeter 
specimens  that  he  used  were  subjected  to  stresses  from  a 
lower  limit  near  zero  to  an  upper  limit  which  caused  fail- 
ure, and  to  an  upper  lim.it  which  did  not  cause  failure. 
Mehmel  concluded  from  his  tests  that  the  determination  of 
the  fatigue  limit  of  concrete  is  measured  much  better  by 
the  change  in  the  slope  of  the  curve  of  elastic  deforma- 
tions.  Another  conclusion  was  that  the  fatigue  limit  of 
concrete  subjected  to  stresses  from  zero  to  a  inaxim.uir.  value 
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lay  between  47  and  60  percent  of  the  ultimate  static  com- 
pressive strength. 

Additional  tests  at  Purdue  University  were  reported  by 
Mills  and  Dawson  (1?)  in  1927.   Mortar  beams  were  subjected 
to  two  types  of  curing:   a)  aged  19  months  and  saturated  by 
immersion  in  water  for  200  hours  prior  to  test  and  b)  aged 
4  months  and  kept  continuously  saturated.   These  beams  were 
then  tested  in  flexure.   Under  progressive  loading,  the 
mortar  which  was  cured  by  method  "a"  showed  a  strength  of 
89  percent  of  a  dry  mortar.   In  the  case  of  the  mortar  cured 
by  method  "b",  the  strength  was  83  percent  of  the  standard 
dry  mortar.   The  fatigue  limit  of  the  mortar  cured  by  method 
"a"  was  found  to  be  37  percent  of  its  static  strength  and  33 
percent  of  the  strength  of  the  standard  dry  mortar.   The 
fatigue  limit  for  the  mortar  cured  by  method  "b"  approached 
the  values  of  45  percent  of  its  static  strength  and  37  per- 
cent of  the  strength  of  the  standard  dry  mortar. 

Williams  (23)  performed  reversed  and  repeated  loading 
tests  on  4-  by  5  1/8-  by  32  l/2-inch  concrete  beams  made 
with  Haydite.   The  beams  were  tested  in  an  upright  position 
with  the  bottom  end  fixed  and  the  upper  end  secured  in  a 
loading  beam.   The  beams  were  made  in  pairs  from  a  single 
batch  and  were  kept  in  the  moist  room  from  24  hours  after 
casting  until  testing.   It  was  found  that  belo?/  one  million 
cycles  of  load  repetition,  the  Kaydite  beams  did  not  fail 
if  the  stress  was  below  40  and  50  percent  of  the  static 
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modulus  of  rupture  for  reversed  and  repeated  loading, 

respectively. 

The  effect  of  speed  of  testing  on  the  fatigue  properties 
of  plain  concrete  was  investigated  by  Kesler  (IC)  at  the 
University  of  Illinois.   Ninety-six  6-  by  6-  by  64-inch 
beams  of  two  different  design  strengths  (3600  psi  and  4600 
psi)  were  tested  in  flexure  by  loading  at  the  third  points 
on  a  60-inch  span.   The  minimum  load  was  kept  at  less  than 
seven  percent  of  the  maximum  load.   Testing  speeds  v/ere  70, 
230,  and  440  cycles  per  minute.   Curing  was  seven  days 
moist  and  then  in  normal  room  atmosphere  for  three  months  or 
more  until  testing.   Testing  was  continued  to  a  maximum  of 
ten  million  cycles,  and  no  specimen  failed  at  a  stress  less 
than  55  percent  of  the  static  stress.   It  was  concluded  that 
the  speed  of  testing  has  practically  no  effect  on  the 
results . 

The  results  of  recent  tests  at  the  University  of  Illinois 
were  reported  by  Murdock  and  Kesler  (14).   A  total  of  175 
plain  concrete  beams,  6  by  6  by  64  inches,  of  two  consist- 
encies (wet  and  dry)  and  a  design  strength  of  4500  psi  were 
tested  in  fatigue.   The  testing  speed  varied  from  400  to  440 
cycles  per  minute  and  the  loading  arrangem.ent  was  the  same 
as  that  used  in  the  previously  mentioned  tests.   At  ten 
million  repetitions  of  stress,  the  fatigue  strength  was 
found  to  be  85,  73,  63,  and  61  percent  of  the  ultimate 
strength  for  minimum  to  maximum  stress  ratios  of  0.75,  0.50, 
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0.25,  and  0.13  to  0.18  respectively.   They  concluded: 
e)  plain  concrete  subjected  to  repeated  flexural  loading 
exhibits  no  fatigue  limit,  at  least  through  ten  million 
cycles,  b)  the  repeated  loads  which  plain  concrete  may  sus- 
tain for  a  finite  number  of  repetitions  without  failure  is 
a  critical  percentage  of  the  static  ultiniote  flexural 
strength  and  this  percentage  is  a  function  of  the  range  of 
stress  to  which  the  concrete  is  subjected,  and  c)  the  dif- 
ference in  consistency  had  no  effect  on  the  fatigue  behav- 
ior. 

Not  many  general  conclusions  can  be  dravm  regarding  the 
fatigue  of  concrete  since  an  analysis  of  the  results  of  all 
the  previously  described  investigations  shows  that  the 
methods  of  investigating  the  problem  varied  considerably. 
Loading  arrangement,  rate  of  loading,  type  and  size  of 
specimen,  and  age  of  specimen  ere  only  a  few  of  the  differ- 
ences existing  between  investigations.   The  following  gen- 
eral statements  concerning  properties  of  concrete  svaninErize 
much  of  what  appears  in  the  literature; 

1.   The  earlier  investigations  indicate  that  there 
is  a  definite  stress  that  is  approximately  50 
to  55  percent  of  the  ultimate  static  stress 
below  which  concrete  can  undergo  fatiguing 
action  indefinitely,  and  above  which  the  nunber 
of  cycles  to  failure  decreases  as  the  stress 
increases . 
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2.  There  appears  to  be  little  variation  in  this 
limit  that  is  due  to  type  of  testing  (compres- 
sion, flexure,  and  tension)  and  speed  of  test- 
ing. 

3.  Permanent  set  occurs  during  the  earlier  stages 
of  the  fatigue  action.   If  the  maximum  stress 
is  below  the  fatigue  limit,  the  permanent  set 
reaches  and  maintains  a  constant  value. 
Stresses  above  the  fatigue  limit  cause  progres- 
sive deformation. 

4.  V/hen  the  applied  stress  is  below  the  fatigue 
limit,  the  modulus  of  elasticity  reaches  and 
maintains  a  constant  value. 

5.  The  repetitions  of  a  stress  which  is  below  the 
fatigue  limit  appears  to  increase  the  strength 
of  concrete. 

Nordby  (15)  goes  further  in  summarizing  the  results  of 
these  same  investigations  and  his  conclusions  are  quoted 
below: 

1.  Under  repetitive  load  the  modulus  of  elasticity 
changes  in  various  ways  depending  upon  the 
intensity  of  load.   The  secant  modulus  decreases 
with  repeated  load;  the  slope  of  the  stress- 
strain  curve  may  decrease  in  the  lower  pert  of 
the  curve  and  increase  slightly  in  the  upper 
portion  to  become  concave  upward. 

2.  Age  and  curing  has  a  decisive  effect  on  the 
fatigue  strength.   Inadequately  aged  and  cured 
concrete  is  less  resistant  to  fatigue  than 
well-aged  and  cured  concrete. 
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3.  Rest  periods  seem  to  increase  the  endurance  of 
concrete  although  test  results  are  very  scant. 

4.  Fatigue  strength  decreases  slightly  with  leaner 
mixes  and  higher  water  cement  ratios  (data  not 
extensive) . 

5.  As  the  range  of  stress  Is  decreased  the  upper 
limit  of  the  stress  (fatigue  strength)  is 
increased  substantially.   This  phenomenon  can 
be  represented  by  the  F.odified  Goodman  Diagram. 

One  very  important  result  obtained  by  all  the  earlier 

investigators  is  no  longer  believed  to  be  true.   These 

earlier  investigators  were  of  the  belief  that  there  existed 

a  fatigue  limit  for  concrete.   The  present  day  concept  of 

fatigue  of  concrete  is  that  there  probably  is  not  any 

fatigue  limit,  but  rather  that  the  S-N  curve  resulting  from 

the  plotted  data  will  continue  to  slope  dovmward,  never 

quite  becoming  horizontal. 

Reinforced  and  Prestressed  Concrete 
In  addition  to  the  investigations  on  fatigue  of  plain 
concrete  which  have  been  mentioned  in  detail,  there  have 
been  investigations  into  two  other  areas  of  equal  Importance; 
fatigue  of  reinforced  concrete  and  the  fatigue  of  pre- 
stressed concrete.   The  fatigue  of  reinforced  concrete  and 
the  fatigue  of  prestressed  concrete  are  covered  in  Nordby's 
(15)  recent  and  extensive  review  of  literature  pertaining 
to  the  fatigue  of  concrete. 

Regarding  the  fatigue  of  reinforced  concrete,  Nordby 
states  that  there  is  e  considerable  need  for  more  Infonaa- 
tion  before  the  subject  will  be  completely  understood. 
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Failure  of  reinforced  concrete  beams  cen  result  fror.  the 
failure  of  the  steel  or  the  failure  of  the  concrete;  the 
concrete  in  turn  may  fnil  in  flexure,  diagonal  tension,  or 
bond.   Nordby  lists  certain  features  which  he  found  reap- 
pearing in  many  of  the  Investigations,  end  they  are  quoted 
below: 

1.  Most  failures  of  reinforced  beams  were  due  to 
failure  of  the  reinforcing  steel.   The  failures 
seemed  to  be  connected  with  severe  cracking  and 
the  possible  s-tress  concentration  and/or  abra- 
sion connected  these  cracks.   Beams  critical  in 
longitudinal  reinforcement  seemed  to  have  en 
endurance  limit  of  60  -  70,=C  of  the  static  ulti- 
mate strengths  for  1  million  cycles. 

2.  Oftentimes  it  was  pointed  out  that  the  concrete 
in  the  compression  zone  behaves  in  much  the  same 
way  as  axially  loaded  compression  specimens. 
There  is  certainly  no  assurance  of  this,  since 
it  is  not  true  for  static  tests  and  of  course 
there  is  a  strain  gradient  in  the  beam  which 
does  not  exist  in  compression  specimens.   No 
fatigue  compression  failures  were  noted  in  any 
of  the  beams  reported  except  those  of  Le  Garnus. 

3.  On  occasion  beams  failed  in  diagonal  tension 
fatigue  but  the  real  cause  of  failure  was 
obscured  by  bond  and  shear  combination  failures. 
Tests  have  been  reported  in  which  beams  have 
failed  in  shear  in  repeated  loads  as  low  as  40^ 
of  the  ultimate  strength.   Data  is  very  scarce 
on  this  phase. 

4.  Beams  accumulate  residual  deflections  under 
extensive  fatigue  loading  much  the  same  as  plain 
concrete  specimens;  but  recover  somewhat  during 
rest  periods. 

Turning  to  prestressed  concrete,  Nordby  states  that  from 
the  fatigue  standpoint,  the  methods  of  failure  are  essen- 
tially the  same  as  for  conventionally  reinforced  beams  with 
the  addition  that  for  post-tensioned  beams,  the  fatigue 
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failure  can  be  In  the  anchorages  and  splicea.   An  Important 
factor  in  the  fatiguo  of  prestreased  concrete  is  that,  in 
the  working  load  range,  the  variations  in  stress  are  small 
but  they  vary  about  some  high  mean  stress  in  both  the  steel 
and  the  concrete.   In  summarizing  the  prestressed  concrete 
results,  Nordby  cautions  against  regarding  any  conclusions 
as  being  definite,  but  lists  the  following: 

1.  In  none  of  the  tosts  did  concrete  fail  by 
fatigue.   The  current  working  stresses  seem  to 
give  adequate  protection  in  this  regard. 

2.  Fatigue  failure  of  stressing  wires  or  strands 
was  the  cause  of  all  failures  reported.   These 
failures  seemed  to  be  related  to  the  extent  and 
severity  of  the  cracks. 

3.  Bond  failures  were  rare  and  were  found  only 
under  unusual  circximstances,  i.e.,  short  beams, 
short  shear  span. 

4.  The  ultimate  strengths  of  prestressed  beams  for 
static  loads  was  unaffected  by  repetitive  load- 
ing if  they  did  not  fail  by  fatigue. 

5.  Safety  factors  seemed  to  be  approximately  "two" 
against  fatigue  failure  for  most  of  the  beams 
tested . 

6.  Prestressed  beams  seemed  superior  to  conventional 
beams  for  resisting  fatigue  loading.   In  fact, 

in  a  recent  paper,  Eckberg  and  Walther  analyt- 
ically verified  this  by  relating  the  modified 
Goodman  diagram  of  both  the  concrete  and  pre- 
stressing  steel  to  the  theoretical  stresses  in 
both  types  of  beam. 
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PURPOSE  AND  SCOPS 

The  purpose  of  this  study  wos  to  establish  v/hether  or 
not  there  Is  a  definite  distinction  between  the  resistance 
to  fatigue  of  air-entrained  plain  concrete  and  non-air- 
entralned  plain  concrete. 

Fatigue  tests  were  performed  on  specimens  of  tv/o  types 
of  concrete,  each  type  being  designed  for  the  same  28-day 
compressive  strength.   The  one  concrete  contained  only 
"accidental"  air,  while  the  other  contained  intentionally 
entrained  air  which  was  maintained  at  a  constant  level. 
Mixes  were  prepared  periodically  froin  each  rrix  design  so 
that  there  was  little  variation  in  the  ages  of  the  speci- 
mens being  tested  in  fatigue.   The  fatigue  test  specimens, 
which  were  selected  from  each  mix,  were  tested  in  fatigue 
at  several  different  stress  levels.   These  stress  levels 
were  50,  60,  70,  80,  and  90  percent  of  the  ultimate  static 
compressive  strength  of  the  respective  mixes. 
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T3STING  PROGRAM 

The  tests  required  for  this  study  were  done  in  two 
parts.   The  first  part  consisted  of  performing  testa  on 
specimens  made  from  a  non-air-entrained  concrete  mix.   This 
mix  will  be  referred  to  as  the  FN  series.   The  second  pert 
consisted  of  performing  tests  on  specimens  made  from  an  air- 
entrained  concrete  mix.   This  mix  v/ill  be  referred  to  as  the 
FA  series.   Each  series  consisted  of  eight  batches  made 
periodically  during  the  course  of  the  investigation.   In 
general,  a  batch  yielded  about  tv/enty-five  concrete  cylin- 
ders, 3  inches  in  disjneter  by  6  inches  in  height. 

After  28  days  of  curing  and  3  to  4  days  of  oven  drying 
to  dry  the  concrete  and  prevent  further  hydration,  eight 
specimens  from  each  batch  were  tested  for  their  ultimate 
static  compressive  strength.   The  average  ultimate  strength 
of  these  eight  specimens  served  as  an  estimate  of  the  ulti- 
mate strength  of  the  batch,  and  the  stress  levels  at  which 
the  fatigue  tests  were  performed  were  based  on  this  estimate 
of  the  batch  strength.   Following  the  completion  of  the 
fatigue  tests  on  each  batch,  the  remaining  specimens  in  the 
batch  were  tested  for  their  ultimate  static  compressive 
strength.   The  object  of  these  later  compression  tests  was 
to  determine  if  there  was  any  further  strength  gain  in  the 
concrete  during  the  time  taken  by  the  fatigue  tests. 

Additional  tests  performed  in  this  study  were:   7-day 
compression  tests,  linear  traverse  determinations  of  the  air 
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contents  of  two  of  the  batches,  and  teets  to  measure  deform- 
ation characteristics  of  the  tv/o  types  of  concrete.   These 
tests  are  described  in  detail  in  this  section. 

Materials 

The  coarse  aggregate  (material  retained  on  the  No.  4 
sieve)  used  in  this  investigation  was  a  crushed  limestone 
from  central  Indiana.   The  source  (laboratory  designation 
67-2S)  is  located  in  the  St.  Genevieve  formation  and  is  of 
the  Mississippian  Age.   This  material  is  fine  grained  and 
has  a  low  porosity.   The  aggregate  as  obtained  from  the 
quarry  met  the  specifications  of  the  State  Highway  Depart- 
ment of  Indiana  for  size  number  5.   It  was  then  further 
cinjshed  in  the  laboratory  to  a  maximiJim  size  of  l/2-inch. 
The  resulting  gradation  and  the  physical  properties  of  the 
coarse  aggregate  are  shown  in  Table  1. 

The  fine  aggregate  (material  passing  the  No.  4  sieve) 
was  a  local  sand  obtained  from  a  river  terrace  deposit 
(laboratory  designation  79-1).   This  material  met  the  speci- 
fications of  the  State  Hlghv/ay  Department  of  Indiana  for 
gradation  14  No.  2.   The  physical  properties  of  this  con- 
crete sand  and  the  gradation  used  in  this  study  are  shovrn 
in  Table  2. 

Type  I  Portland  cement  manufactured  in  central  Indiana 
and  from  a  single  clinker  batch  (laboratory  designation  315) 
was  used  in  both  mixes.   Because  the  cement  was  from  one 
lot,  it  was  assumed  that  its  characteristics  did  not  vary 
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TABLE    1 
CHARACTERISTICS    OF  COARSE  AGGREGATE   67-2S 


Dry  rodded   unit  weight    94,3   Iba./cu.    ft. 

Bulk  specific  gravity    2.68* 

Absorption 0.7$^** 

'^''  Previously  established   laboratory   value 


w 


Gradation 
Sieve  size       Percent  finer 


1/2  inch 

100 

3/8  inch 

50 

1/4  inch 

25 

No.  4 

0 

30 


TABLE  2 
CHARACTERISTICS  OF  FINE  AGGREGATE  79-1 

Bulk  specific  gravity  2.61* 

Absorption  1 . 65^'' 


^'"  Previously  established  laboratory  value 
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100 
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87 

No. 

16 
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No. 

30 

20 

No. 

50 

3 

No. 

100 

1 

Fineness  modulus  3.25 
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significantly  and  therefore  a  chemical  analysis  has  not 
been  included. 

Darex,  added  at  the  mixer,  was  used  as  the  air  entrain- 
ing agent  for  air-entrained  concrete. 

Mix  Design 

The  concrete  mixes  were  designed  by  the  b/b  method 
(9),  which  is  essentially  the  same  as  the  "Recommended 
Practice  for  Selecting  Proportions  for  Concrete"  published 
by  the  American  Concrete  Institute  (17).   Both  mixes  were 
designed  for  similar  strength  and  slump. 

Trial  mixes  were  used  to  establish  the  required  water- 
cement  ratios  and  proportions  of  coarse  and  fine  aggregate. 
The  trial  mixes  also  served  to  establish  the  required  amount 
of  air  entraining  agent  in  the  case  of  the  air-entrained  mix. 

The  non-air-entrained  mix  was  designed  for  a  strength  of 
4000  psi  and  a  slump  of  three  inches.   The  mix  had  a  cement 
factor  of  5.4  sacks  per  cubic  yard  of  concrete  and  a  watej?- 
cement  ratio  of  0.69  by  weight. 

The  air-entrained  mix  was  designed  for  a  strength  of 
4000  psi,  a  slump  of  three  inches,  and  an  air  content  of 
seven  percent.   The  mix  had  a  cement  factor  of  5.0  sacks  per 
cubic  yard  of  concrete  and  a  water-cement  ratio  of  C.61  by 
weight . 

The  differences  in  the  cement  factor  end  the  water-cement 
ratio  were  the  outcome  of  designing  the  two  mixes  for  similar 
strength  and  consistency. 
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Mixing  Procedure 

The  coarse  aggregate,  in  ri  roorr.-rJry  condition,  was 
imineraed  in  wr.ter  for  24  hours  before  mixing  to  satisfy  its 
absorption  requirements.   The  fine  aggregate  v/hich  was 
stored  in  the  laboratory  in  an  oven-dried  condition,  v/as 
also  saturated  by  adding  water  to  it  24  hours  prior  to  mix- 
ing.  The  excess  water  in  the  aggregates  was  detenrined 
immediately  before  mixing,  and  this  amount  was  deducted  fi^om 
the  calculated  quantity  of  mixing  vmtei-.   When  the  air 
entraining  agent  was  used,  it  was  considered  as  part  of  the 
mixing  water.   No  adjustment  was  made  in  the  am.ount  of  mix- 
ing water  since  the  purpose  was  to  maintain  a  constant 
water-cement  ratio  for  each  batch  within  the  given  mix.   If 
the  slump  was  zero  or  exceeded  six  incher. ,  the  batch  was 
discarded  and  a  new  batch  was  prepared.   The  mixing  was  done 
in  8  1-1/2  cubic  foot  capacity  Lancaster  tub  type  counter 
current  m.ixer.   The  total  mixing  time  v;as  four  minutes  for 
every  batch;  the  first  minute  for  the  aggregates  alone,  the 
second  minute  with  the  cement  added,  and  the  last  two  m.in- 
utes  for  the  aggregates,  the  cem.ent,  and  the  mixing  water. 

Two  measurements  were  m.ade  on  the  plastic  concrete  from 
each  batch:   slump  and  air  content.   The  slump  was  deter- 
rAned  in  accordance  with  ASTF  Designation:Cl43-52.   Air  con- 
tent was  measured  gravimetrically  according  to  ASTI.!  Designa- 
tion;C138-44 ,  except  that  a  l/lO  cubic  foot  measure  was  used 
because  of  the  small  volume  of  concx'ete  made  per  batch.   To 


33 

eliminate  any  possible  conterninetlon  of  the  fresh  concrete 
remaining  in  the  nixer,  the  fresh  concrete  used  for  the  two 
measurements  was  discarded. 

I.Ioldinfr  pnd  Curinf^^  of  Specimens 
Twenty-five  cylindrical  specimens,  3  inches  in  diameter 
and  6  inches  in  height,  were  cast  from  each  batch  in  accord- 
ance with  a  procedure  outlined  in  ASTL:  Designation: C1S2-52T. 
One  modification  of  the  standard  procedure  was  necessitated 
by  the  use  of  the  3-inch  diameter  D:olds,  and  thtt  was  the 
substitution  of  a  3/8-inch  round  rod  for  the  standard  5/8- 
inch  rod. 

Curing  followed  the  pT'Ocedure  specified  in  ASTI/  Desig- 
nation;Cl92-52T.   Following  casting,  the  specimens  were 
covered  to  prevent  evaporation  and  were  stored  at  room 
temperature  in  the  molds  for  24  hours.   They  were  then 
removed  from  the  molds  and  stored  for  27  days  in  a  saturated 
lime  solution  having  a  temperature  of  67  F. 

Preparation  of  Specimens  for  Testing 
The  specimens  from  both  the  FN  series  and  the  FA  series 
were  prepared  in  essentially  the  same  manner.   Some  minor 
differences  thnt  did  occur  resulted  from  scheduling  diffi- 
culties and  the  availability  of  laboratory  help.   These  dif- 
ferences are  made  clear  in  the  following  text  and  were 
assiimed  to  have  no  effect  on  the  results. 
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Drying 
When  the  specimens  were  28  days  old,  they  were  removed 
from  the  saturated  lime  solution  and  dried  in  a  gas-fired 
oven  at  a  temperature  of  approximately  220  F  until  constant 
weight  was  obtained.   Upon  removal  from  the  oven,  the  speci- 
mens were  stored  under  room  conditions  until  testing.   The 
FA  specimens  were  kept  in  the  oven  one  day  longer  than  the 
FN  specimens  only  because  it  was  more  convenient  to  remove 
them  on  the  fourth  day. 

Capping 

Each  specimen  was  capped  on  both  ends  with  a  sulfur 
compound  soon  after  removal  from  the  oven;  48  hours  after 
removal  for  the  FN  specimens  and  24  hours  after  removal  for 
the  FA  specimens.   The  capping  compound  (trade  name:  Vitro- 
bond)  is  a  sulfur  and  carbon  mixture  which  is  easily  poured 
when  its  temperature  is  approximately  275  F.   The  manufac- 
turer's description  of  the  compound  Includes  the  following: 
a)  tensile  strength  -  550  psi,  b)  modulus  of  rupture  - 
1600  psi,  and  c)  compressive  strength  -  6000  psi. 

A  capping  device  which  is  shovm  in  Figure  3  was  espe- 
cially designed  for  the  3-inch  diameter  cylinders.   Cap 
thicknesses  ranged  from  approximately  l/l6  to  3/16  of  an 
inch,  depending  on  the  end  conditions  of  each  specimen. 
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Figure  3o  Capping  Device 


36 

Static  Conpr^sslon  Tests  for  Sstltr.ctin^  Batch  Strenj^th 
Twority-four  hours  efter  capping,  ei£^ht  spocimens  were 
chosen  at  random  from  the  batch  and  tested  In  compression 
for  their  ultimate  strength.   These  static  compression 
tests  were  performed  in  a  Riehle  screv/  type  testing  machine 
modified  by  the  addition  of  a  Graham  variable  speed  drive. 
The  machine  has  a  capacity  of  50,000  lbs.   The  no-load  head 
speed  of  the  testing  machine  was  set  at  0.05  Inches  per 
minute  as  specified  in  ASTM  Deslgnation:C39-49 . 

Fatigue  Tests 

The  specimens  for  the  fatigue  tests  were  chosen  at 
random  fron  the  remaining  specimens  in  each  batch,  the  eight 
specimens  used  for  detenninlng  an  estimate  of  the  batch 
strength  having  been  previously  selected. 

The  fatigue  tests  were  conducted,  when  conditions  per- 
mitted, at  five  different  stress  levels.   These  stress 
levels  were  50,  60,  70,  80,  and  90  percent  of  the  estimated 
ultimate  strength  of  the  batch.   A  minimum  stress  of  approxi- 
mately 70  psi  was  maintained  regardless  of  the  magnitude  of 
the  maximvmi  stress.   No  particular  order  was  observed  when 
testing  the  specimens,  the  50  percent  specimen  from  one 
batch  may  have  been  tested  first,  while  for  another  batch, 
the  80  percent  specimen  may  have  been  tested  first. 

The  process  of  establishing  the  desired  maximum  and 
minimum  loads  on  the  fatigue  testing  machine  required  a  con- 
siderable number  of  cycles;  therefore  the  loading  was  set  by 
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first  inserting  a  dummy  specimen  in  the  machine.   7/hen  the 
loads  were  established,  the  machine  was  stopped  and  the 
dummy  specimen  was  replaced  by  a  test  speclm.en.   Upon 
restarting  the  machine,  usually  little  or  no  adjustment  waa 
necessary  to  obtain  the  desired  loads. 

No  specific  data  could  be  obtained  at  the  90  percent 
stress  level  for  the  PA  series  because  the  test  specimens 
failed  before  the  maximum  and.  minimum  loads  could  be  veri- 
fied on  the  load-measuring  apparatus.   Test  data  at  the  50 
percent  stress  level  are  incomplete  (fewer  than  eight  speci- 
m.ens  tested)  for  both  series  because  it  v/as  deemed  unneces- 
sary to  complete  the  tests  at  this  level  when  the  first  few 
specimens  tested  at  the  50  percent  level  vdthstood  ten  mil- 
lion cycles  and  similar  specimens  tested  at  the  60  percent 
level  withstood  ten  million  or  nearly  ten  million  cycles. 
Ten  million  cycles  was  selected  at  the  beginning  of  the 
study  as  the  maximimi  number  of  cycles  any  specimen  would  be 
permitted  to  endure.   Other  missing  data  are  the  result  of 
machine  stoppage  while  a  test  was  in  progress,  and  subse- 
quent lack  of  time  to  re-run  the  particular  test  on  a  new 
specimen. 

In  every  esse,  a  virgin  specimen  was  used  to  obtain  the 
information  that  is  reported  in  this  thesis.   If  a  test  was 
interrupted  for  any  reason,  it  was  started  over  again  with 
a  new  specimen. 
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The  Krouse-Purdue  Fatigue  Machine 
The  Krouse-Purdue  exlal-load  fatigue  machine  that  was 
used  in  this  study  Is  shown  In  Figure  4.   It  is  of  the  con- 
stant deflection  type  and  derives  its  force  from  hydraulic 
pressure  acting  on  a  large  piston  directly  connected  to  the 
test  piece  through  a  piston  rod. 

The  load  applied  by  the  machine  consists  of  two  compo- 
nents:  a  prelond  and  a  pulsating  load.   The  preload  is 
directly  proportional  to  the  average  differential  pressure 
existing  between  the  two  ends  of  the  hydraulic  cylinder, 
and  it  is  controlled  by  automatically  controlling  make-up 
oil  pressures.   The  amount  by  which  the  pulsating  load  var- 
ies above  and  below  the  preload  depends  on  the  throw  of  a 
variable-throw  crank  that  can  be  adjusted  before  or  v.'hile 
the  machine  is  operating.   The  deflection  characteristics 
of  the  specimen,  the  specimen  holder,  the  load  screw,  and 
the  piston  rod  also  influence  the  magnitude  of  the  pulsating 
load.   Figure  5  is  a  simplified  line  diagram  of  the  hydraulic 
system  of  the  machine. 

Holding  the  specimen  in  place  is  a  load  screw  which 
extends  through  the  top  head  of  the  machine.  This  load 
screw  may  be  adjusted  for  the  required  testing  space  by 
means  of  a  reversible  motor  driving  a  rotating  nut.  V/hen 
the  desired  screw  setting  is  reached,  a  clamping  nut  is 
closed  on  the  screw  by  means  of  a  hydraulic  cylinder.  This 
action  prevents  an  end  motion  of  the  screw  when  acted  upon 
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Figure  4»  Gensral  View  of  Fatigue  Kachlne 
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by  the  testing  force. 

The  opernting  speed  of  the  fatigue  machine  Is  1000 
cycles  per  minute  and  the  machine  has  a  inaximuin  losding 
capacity  of  +  60,000  lbs.   The  magnitude  of  the  applied 
loads  Is  measured  by  means  of  an  electronic  system  v/hich  is 
actuated  by  a  load  cell  thnt  Is  a  pert  of  the  lower  end  of 
the  load  screw.   This  portion  of  the  apparatus  Is  shown  In 
Figure  6. 

The  lond  cell  consists  of  a  3-lnch  diameter  steel  cylin- 
der to  which  are  attached  four  Type  A-5  resistance  strain 
gages  (tv/o  vertical  and  two  horizontal)  connected  in  a  full 
bridge  circuit. 

Two  lopd  reading  systems  were  in  operation  during  the 
testing  program,  one  cf  v/hich  v*as  in  use  during  the  testing 
of  the  FN  werles  and  the  other  of  which  was  in  use  during 
the  testing  of  the  FA  series.   The  first  system  consisted  of 
a  Baldwin  strain  indicator  whose  output  was  observed  on  a 
cathode-ray  oscilloscope.   The  oscilloscope  served  to  deter- 
mine the  existence  of  an  instantaneous  balance  of  the  bridge 
corresponding  to  the  maximum  or  to  the  minimum  load.   Loads 
with  this  system  could  be  measured  to  within  +_  500  lbs.   The 
second  system,  which  is  an  improvement  of  the  first  system, 
measures  the  loads  in  the  same  manner  as  does  the  first. 
It  consists  of  a  bridge  bounce  unit,  en  osclllgtor,  an 
amplifier,  and  an  oscilloscope.   Cne  of  the  advantages  of 
the  second  system  is  that  the  loads  can  be  mer.sured  to 
within  +  100  lbs. 
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Figure  60  Load  Cell  and  SpeeiBsn  Holder 
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Dtatlc  Gonprearlon  To  .it  a  for  i::atir-.r  tin/:  A;<e  jjffoct 
Upon  completion  of  the  fotl£:uo  testing  of  d  given 
batch,  the  remaining  specimens  in  the  batch  v^ore  tested  in 
compression  for  tholr  ultimate  strength.   The  testing  pro- 
cedure was  the  same  ec  used  for  estimating  the  batch 
strength.   The  age  effect  tests  were  generally  performed 
within  a  few  days  after  the  fatljjue  testing  had  terminated. 
One  exception  was  the  second  batch  of  the  FN  series  which, 
in  addition  to  having  eight  specimens  tested  after  the  com- 
pletion of  the  fatigue  tests,  had  five  other  specimens 
tested  at  the  age  of  198  days.   The  other  exception  was  the 
third  batch  of  the  FN  series.   In  this  case  four  specimens 
were  tested  at  the  Pge  of  171  days  but  no  specimens  were 
tested  immediately  after  the  fatigue  tests. 

Seven- Day  Compression  Tests 

Whenever  possible,  7-day  static  compression  tests  were 
performed  on  three  specimens  from  each  batch.   The  purpose 
of  these  preliminary  tests  was  to  predict  the  28-dey 
strengths  of  the  batches.   The  results  of  these  tests  were 
used  as  the  basis  for  deciding  if  additional  batches  should 
be  made. 

All  the  specimens  for  the  preliminary  tests  were  removed 
from  the  saturated  lime  solution  46  hours  prior  to  testing. 
They  were  then  capped  and  immediately  returned  to  the  lime 
solution.   The  capping  followed  the  same  procedure  as  was 
previously  described.   The  static  compression  tests  were 
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performed  in  the  some  manner  as  used  In  estimating  the 
batch  strength  except  in  this  case  the  specimens  were  kept 
moist  until  tested. 

Air  Content  by  the  Linear  Traverse  Technique 
The  air  contents  of  two  batches,  FN7  and  FAl,  were 
estimated  by  using  the  linear  traverse  technique  on  speci- 
mens of  hardened  concrete.   A  section  through  the  long 
dimension  of  the  specimen  and  approximately  one-half  inch 
thick  was  sav;ed  from  e?.ch  test  specimen.   The  two  main  faces 
of  each  section  were  then  polished  in  accordance  with  a  pro- 
cedure used  by  F.  K.  Fears  in  his  "A  Study  of  the  Air-Void 
Characteristics  of  Hardened  Concrete"( &) . 

•  A  total  of  200  inches  of  traverse,  100  inches  on  each 
face,  was  obtained  from  each  section.   This  total  length  of 
traverse  of  200  inches  was  suggested  by  Fears  for  the  deter- 
mination of  air  content  to  within  4_  0.5  percent  of  the  true 
value  at  90  percent  confidence  level. 

Detenr.lnation  of  Deformation  C ha r n c t e ri s 1 1  c s 
Concern  over  whether  or  not  the  modulus  of  elasticity 
of  the  fatigue  test  specimens  changed  while  a  test  was  in 
progress,  prompted  an  investigation  of  the  deformation  char- 
acteristics of  both  types  of  concrete.   A  single  FN  batch 
and  a  single  FA  batch  were  prepared,  each  batch  producing 
enough  concrete  for  nine  3-inch  diameter  specimens  and  for 
six  specim.ens  6  inches  in  diameter  by  12  inches  in  height. 
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The   nine   3-inch   diameter  speclmons   and   three   of  the   €-inch 
diameter   specimens    from   each  batch  v/ore   tested    statically 
in   compression.      The    romainlnf,  three    C-lnch  diameter  speci- 
mens   from  the  batch  were   loaded   to   o    predetermined   level 
and   then  unloaded    for   five   cycles.      An  estimate   of  the 
batch  strength  was   obtained   from  the   ultimate   strengths    of 
the   three   6-inch  cylinders    tested   in   compression. 

The    6-lnch  cylinders   were   tested   in  a    Riehle   200,000   lb. 
screw  type    testing  machine    located    in  the  Yaterials   Testing 
Laboratory.      The    slowest   no-load   head    speed    of  this   machine 
was   0.07   Inches    per  minute   which  is   not   in  accordance   with 
the  ASTM  Designation:G39-49   specification  of  0.05   inches 
per  minute.      The   3-inch  diameter   specimens   were   tested   in 
the   same   testing  machine   end    in   the   same  manner  as   all   the 
previous   3-lnch   specimens   had  been   tested.      To  determine    if 
the   higher  testing   speed   used    on  the   G-inch  cylinders   had   an 
effect    on  the   ultimate    strength,    a   special  m.ix  was   prepared. 
Thirty  specimens   v/ere  made,    fifteen   of  which  were  tested    in 
the   50,000   lb.    machine   at   the    correct    speed    and   fifteen   of 
which  were   tested   in  the   200,000   lb.   machine   at   its    high 
speed. 

The  deformation  characteristics  of  the  two  mixes  were 
observed  through  the  use  of  a  deflection  yoke  with  a  10-inch 
gage  length  and  two  diametrically  opposed  Ames  dials.   The 
maximum  load  a  cylinder  was  subjected  to  during  a  cycle  v;es 
set  at  a  predetermined  level.  This  level  was  50,  60,  or  70 
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percent    of  the    estimated   batch  strength  which  was   described 
above.      The    testing  mnchino   used    for  those    repeated    load 
tests   v/ps   a   Southwark-Eraery  hydraulic  machine    having   a 
capacity   of   100,000  pounds  which   is   also    located    in   the 
I.iaterials   Testing  Laboratory.      The    rste   of   loading   at   which 
the   tests   were   conducted  was   approximately   10  psi   per 
second.      After  being    subjected   to  the   five    cycles,    each 
cylinder  was    then  tested    in  compression  in   the   200,000   lb. 
testing  machine. 
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DISCUSSION  OF  RESULTS 
The  results  of  this  study  and  the  discussions  of  these 
results  have  been  divided  into  three  parts.   The  first  pert 
is  concerned  with  the  analyses  of  the  physical  properties  of 
the  plastic  concrete  and  the  hardened  concrete  used  in  this 
research  work.   The  results  of  the  fatigue  testing  program 
are  covered  in  the  second  pf-rt,    and  the  third  pert  is  con- 
cerned with  additionrl  tests  v/hich  became  necessary  as  the 
study  progressed. 

Analysis  of  Mix  Data 

The  purpose  of  the  study  was  to  compare  the  fatigue 
behavior  of  non-air-entrained  concrete  and  air-entrained 
concrete  that  v/ere  similar  except  for  air  content.   Since 
the  two  concretes  v/ere  prepared  in  batches,  the  properties 
of  the  two  mix  designs  had  to  be  estimated  from  the  corres- 
ponding batch  properties.   These  batch  properties,  slump  and 
air  content  of  the  plastic  concrete,  and  strength  of  the 
hardened  concrete  at  various  ages  expressed  as  means,  are 
tabulated  in  Tables  3  and  4. 

A  statistical  procedure  knov/n  as  the  "analysis  of  vari- 
ance" (16)  was  used  for  testing  for  significant  differences 
among  the  means.   When  using  the  analysis  of  variance  method, 
the  F-test  is  used  to  decide  if  apparent  differences  In  the 
means  are  significant  or  are  the  result  of  chance.   The 
analysis  is  based  on  the  fact  that  v/hen  the  means  of  sub- 
groups are  greatly  different,  the  variance  of  the  group  means 
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Is  much  larger  than  variances  within  separate  groups.  By 
comparing  the  F-value  calculated  from  the  observations  with 
the  theoretical  F-valuc  (see,  for  example,  Appendix  8  in 
Reference  16),  it  is  poraible  to  determine  if  there  is  any 
statistically  significant  difference  among  the  means.   If 
an  F-ratlo  calculated  from  the  data  is  loss  than  the  r-ratio 
for  the  population  variance  (for  the  given  degrees  of  free- 
dom and  the  selected  significance  level),  there  is  insuf- 
ficient evidence  to  reject  the  hypothesis  of  equal  means. 
On  the  other  hand,  if  the  calculated  F-retlo  is  larger  than 
the  F-ratio  for  the  population  variance,  there  is  reliable 
evidence  of  significant  difference  among  means. 

The  test  for  significance  of  differences  in  the  analysis 
of  variance  is  valid  only  if  the  observations  are  from  nor- 
mally distributed  populations  end  the  variance  of  each 
group  is  the  same  (homogeneous  variance).   In  testing  for 
homogeneity  of  variances,  two  methods  were  employed;   one 
based  on  the  F  distribution'"'  and  the  other  based  on  the 
chi-square  distribution  (Bartlett's  Test).'""""^ 

Kon-/.ir-Srt rained  Concrete 
The  data  for  the  non-air-entrained  mix  which  are  svun- 
marized  in  Table  3  and  given  in  their  entirety  in  Tables 
15  through  22,  Appendix  A,  were  considered  first  with  regard 


"""  Reference  5,  pg.  90 
'"">'^  Reference  16,  pg.  242 
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to  homogeneity  of  variance  cn'-J  then  in  terms  of  strength, 
age  effect,  air  content,  end  slump. 

lui.x  Strength.   The  strength  data  for  each  batch  of  non- 
air-entrained  concrete  were  tested  by  Eortlett's  Test  end 
the  F-test  for  homogoneity  of  variance.   Both  teats  indi- 
cated that  the  variances  of  the  cell  means  were  non-homogen- 
eous.  The  F-test  gave  an  F-ratlo  of  2.75  and,  therefore, 
the  hypothesis  that  the  variance  of  the  fifteen  nonnally 
distributed  populations  were  equal  had  to  be  rejected  since 
the  F-ratlo  for  the  given  degrees  of  freedom  and  a  signifi- 
cance level  of  one-half  percent  is  2.31.   The  calculations 
for  this  F-test  are  contained  in  Table  32,  Appendix  B. 

Heterogeneous  variances,  as  have  occurred  here,  soine- 
times  can  be  transformed  into  a  different  form  which  tends 
toward  a  normal  distribution.   However,  in  this  case, 
neither  a  logarithmic  nor  a  square  root  transformation  pro- 
duced homogeneous  variances. 

Theoretically,  the  rejection  of  the  hypothesis  that  the 
variances  were  equal,  makes  an  analysis  of  variance  of  the 
strength  data  somewhat  involved.   However,  it  was  felt  that 
such  an  analysis  could  be  of  value  since  it  would  show  any 
distinct  properties  of  the  data  if  any  existed. 

A  two-v/ay  classification  analysis  of  variance  was  per- 
formed on  the  strength  data  by  the  usual  techniques.   The 
results  of  this  analysis  are  shown  in  Table  5.   The  type  of 
analysis  of  variance  used  relies  upon  an  equal  number  of 
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obaervfltions  per  cell  nnd  sJ nee  such  was  not  the  cese, 
adjustments  hod  to  be  made.   Two  of  the  cell  blocks  were 
each  lacking  one  measurement.   The  missing  measurement  was 
approximated  by  usint,'  the  mean  of  the  original  observations 
in  the  incomplete  cell.   This  action  necessitated  an  adjust- 
ment in  the  degrees  of  freedom  which  was  accomplished  by 
decreasing  by  two,  the  degrees  of  freedom  of  the  error  term. 

In  interpreting  the  results  shown  in  Table  5,  considera- 
tion has  been  given  to  the  fact  that  one  of  the  assumptions 
underlying  the  analysis  of  variance  is  homogeneous  variances. 
Some  of  the  consequences  of  this  are  discussed  briefly  in  the 
section  summarizing  these  analyses.   Even  though  this  assump- 
tion has  been  violated,  it  is  reasonable  to  assvune  that  there 
was  no  significant  aging  of  the  concrete  during  the  period 
following  the  oven  drying  and  lasting  until  the  fatigue  tests 
had  been  completed  for  the  given  batch.   It  also  seems  rea- 
sonable to  state  that  there  is  no  evidence  of  interaction. 
That  is,  the  age  effect  and  the  batch  to  batch  effect  do  not 
combine  to  produce  an  added  effect  not  due  to  the  sun  of  the 
separate  effects.   Thirdly,  the  analysis  indicates  that  the 
batch  strength  means  are  not  from  the  same  population. 

A  large  observed  F- value,  such  as  the  one  which  appears 
in  Table  5  for  the  batch  variation,  is  sometimes  caused  by 
a  single  mean  which  is  not  part  of  the  population.   A  test 
known  as  Duncan's  Procedure  (6),  which  is  a  significance 
test  for  linear  contrasts  among  any  number  of  means,  was 


54 

utilized  next.   This  test  can  detect  whether  any  two  means 
are  significantly  different  at  the  selected  slgnificence 
level  by  means  of  a  calculated  difference.   The  purpose  of 
using  this  test  v/rs  to  obtain  the  best  estimate  of  the 
strength  of  the  mix.   The  age  effect  was  assumed  to  be  nil 
on  the  basis  of  the  previously  performed  analysis  of  vari- 
ance and  accordingly  the  batch  strengths  were  taken  as  the 
averages  of  all  the  specimen  strengths.   The  test  indicates 
that  at  the  five  percent  significance  level,  there  is  reli- 
able evidence  that  the  mean  of  batch  FN2  is  significantly 
different  from  any  of  the  other  means  as  shown  below. 

Batch  Designation 

Fi:i   FN2   FN4   F1I5   FN6   FK7   F1J8 

Mean  Strength  (coded)   102   54   107   114   118   90   120 

Allowable  difference  at  5  percent  level  (see  Table  33, 
Appendix  3)  -   19 

Actual  difference  between  lowest  and  next  lowest 
mean  =  36 

The  mix  strength  was  calculated  by  taking  the  average  of 
all  the  Individual  strengths  tabulated  in  Table  32,  Appendix 
B,  except  for  those  listed  for  batches  FK2  and  FK3.   Batch 
FIJ3  was  not  included  because  the  data  were  not  complete  and 
also  because  the  mean  of  the  available  data  is  smaller  than 
the  mean  of  batch  FN2  which  had  previously  been  showm  as  not 
being  part  of  the  mix  population.   The  best  estimate  of  the 
mix  strength,  based  on  94  specimens,  was  40S0  psi. 
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Air  Content  ond  Slump.   In  vlov/  of  tho  fact  that  the 
slump  measurementn  ond  the  air  content  measurements  are 
limited  in  their  magnitude  and,  therefore,  are  not  likely 
to  be  normally  distributed,  calculations  were  limited  to 
finding  the  means,  the  standard  deviations,  and  the  coeffi- 
cients of  variation.  A   mean,  designated  by  7,  is  the  arith- 
metic average  of  the  respective  measurements.   A  coefficient 
of  variation,  designated  by  C ,  is  the  ratio,  expressed  as  a 
percentage,  of  the  standard  deviation,  designated  by  s,  to 
the  mean.   The  table  below  summarizes  these  calculations. 

Property   Number  of  Batches     Y  s      c 

Slump  8  4  in.     1.6  in.    40^ 

Air  Content        8  0.9;!^     0.55^     58J^ 

Siimmary .   In  seme  of  the  preceding  analyses  an  assump- 
tion was  mode  that  the  within-cell  variances  of  the  strength 
data  were  homogeneous  v.'hen  such  was  not  the  case.   Summary 
points  2  and  3  are  based  or  the  analyses  which  used  this 
assumption  and  therefore  there  is  the  question  of  how  reli- 
able are  those  two  statements.   According  to  Cochran  (2) 
there  generally  is  a  loss  of  efficiency  in  the  estimates  of 
treatment  effects  and  a  loos  of  sensitivity  in  tests  cf  sig- 
nificance when  ordinary  analysis  of  variance  methods  are 
used  and  there  is  heterogeneity  of  errors  present.   Cochran 
also  states  that  the  validity  of  the  F-test  for  all  treat- 
ments is  probably  the  least  affected,  but  since  some 
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treatment    comparisons  may  have  much  smaller  errors   than 
others,    t-tests   from  a    pooled   error  may  give   a   serious   dis- 
tortion  of  the   significance   levels.      It   v/es    felt   that 
because   of  the   nature   of   the    tests   performed,    the    state- 
ments  made    in  summary   points   2   and   3  would    not   have    been 
altered    if  the   data    had  been  homogeneous. 

1.  The   v/ithin-cell   variances    of    the    strength  data 
for  the    ncn-olr-entrained   concrete   were   not 
homogeneous . 

2.  There  v;as   no    significant   aging   of  the   concrete 
during   the   periods    of   fatigue    testing. 

3.  The   best   estirnr.te   of   the  mix  strength  Is   4090 
psl . 

4.  The    average    slump   of   the   mix   was    4    inches   and 
the   coefficient   of   variation  was    40  percent. 
This   coefficient   of  variation   is   very   high  when 
compared    to   an  expected   coefficient   of  variation 
of   about    5   percent    for  Irboratory  work  on  pert- 
land    cement    concrete. 

5.  The   average   air   content   of   the   plastic   concrete 
was   0.9    percent    and    the    coefficient    of   variation 
v/as    58   percent.      Again   the    coefficient    of  varia- 
tion  is    considerably  above   that   v;hich  is    desir- 
able . 
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Air-Entrained  Concrete 

The   data   for  the   air-entrained   rr.ix  v/hich  ore   sumr.arizod 
in  Table    4   and   given   in   their  entirety   in  Tables   23  through 
31,   Appendix  A,    were   considered  with   regsrd   to    strength, 
age    effect,    air  content,    and   alvunp.      As   wac   done   in  the    pre- 
vious  section   on  non-air-cntrained   concrete,    the    strength 
test   data  wore   first    tested   for   homogeneity   of   variance. 

Mix  Strength.      The    strength    data    for  each  batch   of   air- 
entrained   concrete  were   tested  by  Bartlett's   Test   end   the 
P^-tc^t    for  homogeneity  of   variance.      Both  tests    indicated 
that    the    variances    of   the    cell  means   were   homogeneous.      The 
F-test   gave   an  F-ratio   of   0.87  which  is   less    than   the    cor- 
responding  theoretical   F-ratio   of  1.63  for  a    five    percent 
significance    level,    end   therefore,    the   hypothesis   that 
variance   of   the   sixteen   normally  distributed   populations 
were   equal  was   accepted.      The    calculations   for  this  F-test 
are   contained    in  Table   34,   Appendix  B. 

Since   the   variances  were   found  to   be    homogeneous,    as 
contrasted    to   the    heterogeneous   variances   of   the   non-air- 
entrained  mix,    an  analysis   of   variance    of  the   air-entrained 
mix  strength  data   can   be    relied   upon  for   a   true   picture   of 
any  relationships    that   might   exist    in  the  data. 

A   two-v/ay    classification  analysis    of  vaidance   was   per- 
formed  on   the   strength  data  by   the   usual   techniques.      The 
results   of   this   analysis    are   shown   in  Table    6.      The    type   of 
analysis   of   variance   used    relies   upon  an  equal   nucber  of 
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observf5tlnnn    per  cell   and    since   such  was   not    the   caee, 
adjustments   hed   to  be  made.      Three   of  the   cell  blocks   nore 
each  Ir.ckinc   one  measurement.      The  rnlssiny  measurement   was 
approximated  by  using   the   mean   of  the   original   observations 
in   the    incomplete   cell.      This   action   nece.'3.''itatod   an   adjust- 
ment   in   the    degrees   of  freedom  which  was   accomplished  by 
decreasing   by   three,    the   degrees   of  freedom  of   the   error 
term. 

Referring  to   Table    G,    it    is   seen  thst    there   is   evidence 
of  an  ago    effect    during   the   duration  of   the   fatigue   tests. 
This   age   effect   v/as    not   in  the    form   of   a  gain   in   strength, 
but    rr'ther  a    loss   in   strength.      On  a  batch   to  batch  basis, 
the    loss   of  strength   indicated   by  the   batch  means    ranged 
from   50  psi    to   340   psi,    the    overage   loss    for  the   mix  being 
approximately   140   psi.      There   is    also    evidence   that   the 
batch   strength  means   are   not    from   the   same   population. 
There   is,    hov/ever,    no  evidence    of  any   interaction  between 
age   and   individual  batches. 

As    in   the    case   of  the  FN  mix,    the   observed   F-value   for 
the   batch  variation   in  the   FA  mix   is    fairly   large.      Dunccn's 
Pi'ocedure   was   applied   to  the  mean    strengths    of  the  batches 
to   determine   if   ens   of  the  means   did   not  belong  to  the   pop- 
ulatlon.      Although  there   is   reliable   evidence   of   a    loss   of 
strength,    the  batch  strengths   were   taken  as    the   averages   of 
all  the   specimens    strengths.      The   reason  for   disregarding 
the   age   effect    is   that   the    strength  of   the  mix   at   the   tine 
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of  the  fatigue  tests  in  of  pvimairj   Interest.   Tho  tint 
Indicatoa  thnt  at  tho  five  percent  significance  levol, 
there  is  reliable  evidence  that  the  mean  of  batch  FAS  Is 
significantly  different  frnin  any  of  the  other  means  as 

shown  in  the  table  belov/: 

Batch  Designation 

FA  2   FA  3   FA  4   FA  5  FA  6   FA  7  FA6  FA& 

Mean  Strength  (coded)    32   45   49    27   59   33   04   56 

Allowable  difference  at  5  percent  level  (see  Table  35, 
Appendix  B)  =  14 

Actual  difference  between  lowest  and  next  lov/est 
mean  =  23 

The  iT!ix  strength  was  calculatod  by  taking  the  average 
of  all  the  specimen  strengths  tabul^^ted  in  Trble  34,  Appen- 
dix B,  except  for  those  specimen  strengths  for  batch  FAS. 
The  best  estimate  of  tho  mix  strength,  based  on  109  speci- 
mens, was  4430  psi . 

The  strength  data  for  batch  PAl  were  not  included  in 
any  of  the  previously  described  analyses  because  fatigue 
tests  were  not  conducted  on  any  specimens  from,  this  batch. 
A  breakdown  in  the  fatigue  machine  m?de  it  inoperative  for 
approximately  a  month. 

Air  Content  and  filumo.   The  same  limitations  that 

II  -11  I         _^.v.H  ^ 

existed  for  the  air  content  and  slump  of  the  non-eir- 
entrained  concrete  exist  for  the  sir  entrained  concrete, 
therefore  calculations  were  limited,  as  before,  to  finding 
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the  means,    the   standard   devlatlonr?,    ond   tho   coefflcientc 
variation.      The    tp.ble   bolow  sunKirrizos    thcs'-i   celculption?: 

Property  IJumber   of   Botches  Y  _  C 

Slump  9  2   in.        C.3   in.        It/, 

Air  Content  9  Q  .Z',i  C.98>t  12/ 

Curmnrv.      The   following   summarize    the   results    of  the 
previously  mentioned   analyses   v/liich  v^ere   performed   on  the 
data    for  the   alr-entrrined   concrete. 

1.  The   vdthln-cell   variances    of   the   strength  data 
for  the    ai  r-entmined   concrete   were   honogeneous. 

2.  Ttjere  was   a    Eignificant    effect   of   a^e   on  the 
strength  of  the    concrete,    but    it   was    a    loss 
which  averaged    140   psi    r-'^ther  than  a    gain. 

3.  The   best    estimate   of  the   ml;c  sti-ength  is    4430 
psi . 

4.  The    average   slump   of  the   mix  was    2   inches    and 
the    coefficient   of    variation  was    15   percent. 

5.  The   average   air  content    of  the   plastic   concrete 
was   8.3   percent    and   the   coefficient   of  variation 
was    12   percent. 

Comparison   of    the   Tv/o  Mix  Designs 
The   tv/o  mix  designs   were   compared   to  determine   if  the 
estimate   of  the   strength  of  the   ncn-air-entralned   concrete 
was    significantly   different   from  the   estimate   of  the   strength 
of  the   air-entrained   concrete.      The   hypothesis   tasted   was 
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that    the    tv/o   mixed    strerij^thf;   were    eq-ual,    the   olternote 
hypothesis   beiriG    thnt   the    strcn^ith  of   the   air-entrolned   con- 
crete  was   (^renter   th«n  the   strength  of  the   non-oir-ontralned 
concrete.  .   This   significance    tect   which  is    outlined   in 
Table    36,    Appendix   B,    states    thrt    at    a    5    percent    signifi- 
cance   level   thei-e    is   no    roliablo   evidence    oi    any    (Jiiiercnce 
between  the  strengths    of   the    two   i;.ix   designs. 

I.'any   conprrisons    of   the   non-air-entrained  mix  deslj/n 
with   the   ail— entrained  mix   desirn   emphasizes   the   greater 
variation   in   properties   that    one    encounters   with  non-air- 
entrained    concrete   or   conversely   the  greater  uniforir.ity  of 
air-entrained   concrete.      Tliese    characteristics   lirvc    Leen 
reported   many   tirr.es   in   the   literature   and   present   a   strong 
case   for  the    use   of   sir-entrained    concrete   wherever   possible 
at    least   for  experimental  worl:. 

The   following   is    an   eniameration  of  some   con^parisons 
that   were  made.      The    last   three   were   not    recorded   as   data 
during  the   course    of   this   study   but   were   observed    purposely 
each  time   a   batch  was    prepared. 

1.  The   within-oell   variances   of  the   strength  data 
for    the   air-entrained    concrete   were    homogeneous 
while    the   variances    for   the    non-air-entrained 
concrete   were   not   hom.ogeneous . 

2.  The   air-entrained   concrete    lost    a   significant 
amount   of   its    strength  during   the   periods    of 
fatigue   testing  while   the   non-air-entrained 


coricretp   ahov/ed   no    ai^^nificont   coin.      The   loos 

In    otrent:th  of    the    nir-ontroined,    altliuuj^h 
statistically   si^jni ricr.nt ,    avomj^cd    only   140 
psi    and  cccordinjjly  wor.    ■ilore^arded   In   the 
determination   or   the   r.ix  stren(;th. 
There   was    no   sit^nlficant   difference   bct-.voen  the 
strength  of  the   non-air-entrrined    concrete   end 
the   stren(3th   of  the   air-entrained   concret'.-   uL 
the    time   of  the   fatigue    tests. 
Better  control   of   slur.p  was    possible  v/ith   the 
oir-cntra.ined   concrete,    its    coefficient   of 
varir.tion  being   ir>   percent    in  contrast    to   e 
value    of   40   percent    for   the   non-air-entrained 
concrete . 

The  workability   of  the    air-entrained   concrete 
was   considerably  better   than  the   workability   of 
the    non-air-entrained    concrete. 

Bleeding  was  practically  nonexistent  in  the  air- 
entrsined  concrete  v;hile  it  was  considerable  for 
the  no n- air- entrained  concrete. 
Finichin^  was  easier  and  faster  with  the  air- 
entrained  concrete  than  with  the  ncn-air- 
ontrained  concrete. 
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r'at,l,;uo  Test  He  suit.-: 


A  plot  of  strops  level  voi-sur,  cycles  to  failure  wr^s 
selected  ns  the  bo.-^t  dovice  to  detect  differences  botv/oen 
the  fatigue  behavior  of  the  non-nlr-entroined  concreto  end 
the  nir-ontralned  concrete.   Vhen  a    plot  of  this  type  chows 
a  definite  pattern  or  trend,  it  is  customary  to  show  the 
trend  by  meann  of  a  curve  known  as  an  S-!I  curve.   Selecting 
a  truly  representative  S-i:  curve  ir>  perhaps  the  most  diffi- 
cult task  in  analyzing  fatigue  data  because  of  the  scatter 
that  is  characteristic  of  fatigue  test  results. 

The  existence  of  scatter  in  fatigue  test  results  is  not 
peculiar  to  fatigue  tests  alone  but  because  fatigue  tests 
are  destructive  tests,  their  results  are  expected  to  have 
r.ore  variation  than  the  results  of  many  other  types  of 
tests.   Actually,  variation  can  be  found  in  repeated  rieasure- 
ments  on  any  object,  quantity,  or  quality  such  tlirt  the 
more  accurate  the  measuring  device  is,  the  more  variation 
can  be  found  from  piece  to  piece  and  even  along  r  single 
piece.   Because  fatigue  tests  fre  destructive  tests,  the 
observed  vari'ition  will  probably  include  effects  of  errors 
in  loading  and  measuring,  and  also  effects  of  specimen 
selection  and  preparation.   1-rom  the  design  standpoint, 
fatigue  test  results,  like  the  results  of  any  destructive 
tests,  can  be  used  only  v/hen  certain  assuir.ptions  are  made. 
One  such  assumption  is  that  the  test  specimens  are  repre- 
sentative of  the  part  or  parts  to  be  used  in  service. 
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Another  feetui'o  of  fatigue  test  data  v/hich  r.&I:es  r  n 
onrlysis  difficult  Is  thr.t    there  is  a  -.question  a:  ', ..  ...^^u 
type  of  distribution  the  uieasuromentE  follov;.   At  the 
hij-'her  stress  levels  the  distribution  boconcs  extremely 
skewed,  to  the  extent  of  bein^;  cssentlolly  one-sided  at  the 
highest  stress  level.   At  the  lowest  stresr;,-  level,  it  is 
unknov/n  whether  or  not  ?  particulnr  level  serves  f- s   ^    divi- 
sion point  between  e    finite  number  of  stros.:  cycles  beln  ^ 
endured  or  r-n  infinite  number  of  cycles. 

Any  anolyr-ls  of  fatigue  tort  dats  is  also  hindered  by 
the  limited  i.i;.ount  of  di>ta  collected  in  a  nonnal  testing 
prograr..   To  collect  n  dosirable  amount  of  data  at  the  Icv/er 
stress  levels  is  not  practical  because  of  the  prohibitive 
amount  of  tire  nocos^ary  to  test  a  sin£;le  specimen.   The 
common  practice  is  to  ter-rninotc  such  tests  when  ^     oter- 
mined  nuriber  of  cycles  has  been  sustained  by  the  specir.en. 

Analysis  of  the  Foticue  Data 
The  analysis  of  the  fatigue  data  tcbulrted  in  Ir.bles  7 
fnd  8  was  limited  by  the  characteristics  of  such  data  pre- 
viously mentioned.   The  actual  range  of  stress  cycles 
endured  is  unknown  for  both  the  f'"  •^'^  '      orcent  s^— -- 
levels  of  both  the  non-air-entrained  concrc^te  and  tlio  oir- 
entr^ined  concrete  because  the  testing  was  stopped  wlicn  the 
specimens  had  sustained  ton  •••'■•---  cycles  without  failing. 
There  is,  cC    course,  s  lower  bcundary  for  the  data  repre- 
senting the  GO  percent  stress  lev.  .   It  was  felt  th';t  any 
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TABLE   7 
FATIGUE   TEST   RESULTS,    NON-AIR-ENTRAIf^D   CONCRETE 


-*.  2 


Botch 

Specimen 

Maximum 

Minimum 

Number  of 

Desig- 

Number 

Fatigue 

Load 

Fatigue  Load 

Stress  Cycles 

nation 

(lbs. 

) 

(lb 

3.) 

Endured 

FNl 

1 

14,500 

(52)^ 

500 

(1.8)1 

10, 155,000 -♦ 

2 

17,000 

(60) 

500 

[1.8) 

10,355,000-*' 

3 

19 ,  500 

(69) 

700 

(2.5) 

12,000 

4 

22,700 

(81) 

700 

[2.5) 

282,000 

5 

25,400 

(90) 

500 

[1.6) 

100 

FN2 

1 

12,300 

(50) 

500 

[2.0) 

10,568,000^ 

2 

14,800 

(60) 

500 

[2.0) 

10,106,000-^ 

3 

17,800 

(72) 

500 

[2.0) 

31,000 

4 

19 , 500 

(79) 

500 

[2.0) 

2,200 

5 

22,200 

(90) 

1000 

[4.0) 

900 

FN3 

1 

12,300 

(51) 

300 

[1.2) 

10,330,100-* 

2 

14,400 

(60) 

500 

(2.1) 

3,630,400 

3 

16,500 

(69) 

700 

[2.9) 

25,800 

4 

18,700 

(78) 

700 

[2.9) 

19,800 

5 

20,500 

(85) 

500 

[2.1) 

300 

FN4 

1 

14,100 

(49) 

500 

[1.3) 

10,562,000 -► 

2 

16,500 

(58) 

500 

[1.3) 

10,472,000-^ 

3 

19,000 

(67) 

500 

a. 3) 

2,349,600 

4 

22,600 

(79) 

800 

(2.3) 

3,900 

5 

Specimen  not 

tested 

FN5 

1 

Specimen  not 

tested 

2 

17,400 

(50) 

500 

[1.7) 

10, 740, 000 -► 

3 

20,300 

(70) 

500 

[1.7) 

99,700 

4 

22,500 

(78) 

500 

[1.7) 

1,500 

5 

26,100 

(90) 

700 

[2.4) 

3,700 

FN6 

1 

Specimen  not 

tested 

2 

18,000 

(62) 

500 

[1.7) 

1,308,400 

3 

21,000 

(72) 

500 

(1.7) 

273,700 

4 

24,000 

(82) 

800 

[2.7) 

1,000 

5 

26 , 500 

(91) 

500 

[1.7) 

300 

( continued) 
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TABLE  7  (continued) 

Batch   Specimen    Maximum       Minimum       Number  of 
Deslg-   Niomber    Fatigue  Load   Fatigue  Load  Stress  Cycles 
nation  (lbs.)        (lbs.)        Endured 


FN7       1 
2 


3        18,800  (69)     500  (1.8)        54,500 


4 
5 


4)600 

10,900 


FN8       1  _^ 

2  17,800  (61)     500  (1.7)  1,388,700 

3  20,500  (70)     800  (2.7)  52,200 

4  23,500  (80)    1000  (3.4)  1,700 

5  26,700  (91)     500  (1.7)  500 


Figure  In  parentheses  Is  the  fatigue  load  expressed 
as  a  percentage  of  the  average  ultimate  compressive 
strength  of  the  batch.   Average  strength  based  on 
15  to  16  specimens  except  for  batch  FN3  which  had 
8  specimens. 

— ^  indicates  that  specimen  had  not  failed  when  test 
was  stopped. 
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TABLE   8 

FATIGUE  TEST   RESULTS,    AIR-ENTRAIl^D  CONCRETE 


Batch   Specimen    Maximum       Minimum       Number  of 
Desig-   Number    Fatigue  Load   Fatigue  Load  Stress  Cycles 
nation  (lbs.)        (lbs.)         Endured 


FAl    No  tests  performed,  Fatigue  Machine  under  repair 

FA2      1  Specimen  not  tested 

2  18,350  (61)  ■'■    500(1.7)  10,048,000-^^ 

3  21,550  (71)     550  (1.8)  702,200 

4  23,900  (79)     500  (1.7)  2,800 

5  Loads  not  verified  '-'100 

FA3      1  15,800  (51)     400  (1.3)  10,314,000-^ 

2  19,200  (62)     500  (1.6)  6,294,500 

3  22,350  (72)     500  (1.6)  109,400 

4  25,300  (31)     500  (1.6)  600 

5  28,800  (93)     500  (1.6)  300 

FA4      1  Specimen  not  tested 

2  19,000  (60)     600  (1.9)  8,022,600 


3 
4 
5 


Specimen  not  te; 

19,000  (60)     600  (l.t-y  ^,^^c,^^^ 

22,000  (70)     450  (1.4)  204,300 

25,300  (80)     600  (1.9)  3,500 

Loads  not  verified  *^  100 


FAS      1  Specimen  not  tasted 

2  18,000  (60)     600  (2.0)  9,092,900 

3  21,300  (71)     400  (1.3)  1,683,800 

4  24,200  (81)     500  (1.7)  1,500 

5  Loads  not  verified  ^100 

FA6      1  Specimen  not  tested 

2  19,500  (61)     500  (1.6)  10,157,000 

3  22,300  (69)     600  (1.9)  226,900 

4  25,900  (81)     500  (1.6)  3,900 

5  Specimen  not  tested 

FA7      1  15,600  (51)     600  (2.0)  10,105,000 

2  18,800  (62)     500  (1.6)  10,256,000- 

3  22,100  (73)     500  (1.6)  361,800 

4  24,900  (82)     500  (1.6)  600 

5  Specimen  not  tested 


( continued) 


TABLE  8  (continued) 
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Batch 
Desig- 
nation 


Specimen 
Numbe  r 


Maximum 
Fatigue  Load 
(lbs.) 


Minimiim 
Fatigue  Load 
(lbs.) 


Number  of 

Stress  Cycles 

Endured 


FAS 


FA9 


1 
2 
3 
4 
5 

1 
2 
3 
4 
5 


14,400  (51)  700  (2.5) 
17,400  (62)  650  (2.3) 
20,500  (72)  500  (1.9) 
23,600  (83)     300  (1.1) 

Specimen  not  tested 

Specimen  not  tested 
19,400  (61)     500  (1.6) 
22,700  (71)     400  (1.3) 
26,000  (82)     500  (1.6) 

Specimen  not  tested 


10,760,000 
10,109,000- 
215,700 
900 


10,034,000' 
534,900 
400 


Figure  in  parentheses  is  the  fatigue  load  expressed 
as  a  percentage  of  the  average  ultimate  compressive 
strength  of  the  batch.   Average  strength  based  on 
15  to  16  specimens. 

->■  indicates  that  specimen  had  not  failed  when  test 
was  stopped. 
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curve    fitted   to   oil   tho   data    for   each   typo   of   concrete 
v.'oul':!   undoubtedly   be   n    very   poor  approximation   of  the   true 
curve;    therefore,    the   curves    th?t   were   drewn   only   represent 
the   relotionchip   that   exists   ot   the    70   ond   80   percent    levels. 

The   S-''  Dlf-'grsr;? .      The    ser.i-lojj   coordinate    system  U3od 
for   the   two  S-M  diagrams    shov/n  in  Fi^^ures   7   and   o  v/as   chosen 
because   it    presented    the    fatigue   test   results    in  a    form 
which  is   easily  viewed.      The   possibility   of  usin<^   either  an 
arithmetic   or  log-log   plot    instead   of  the    se.T.i-log  plot  was 
Investigated,    but   the    results   shoY.'ed   the    ser.i-log   plot    to 
be    superior  for   these   data. 

Referring   to  the   two   S-"  diagrams,    it    can  be   seen   by   the 
position  of  the   points    on   the   right   hand   portion  of  both 
diagrams   that    it    is    unlikely   that    a  definite    fatigue    limit 
exists   in   the   vicinity   of   ten  million  cycles   for  either 
type   of   concrete.      It   is    also   apparent    that   the   fatigue   tost 
results   for  the   air^entrained    concrete   are   characterized  by 
less   scatter  than  the  test   results   for  the   non-air-entrained 
concrete. 

Comparison  of   the   FA  Iv'ix   to   the   FN  !■' i x .      A   nonparar;etric 
statistical   technique   was   utilized   in   comparing   the   fatigue 
test    results    from  the   two  mixes,    because   the   type    of   distri- 
bution to   which  the    data  belonged   v/as   unknown.      I;onparR- 
metric   techniques    ccmpai^e   distributions   without   specifying 
their  foiTn.      In  this   analysis   a  method   called   "Runs"   was 
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FIGURE    7.       S-N  DIAGRAM    FOR   NON-AIR-ENTRAINED    CONCRETE 
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FIGURE  8.      S-N   DIAGRAM  FOR  AIR-ENTRAINED  CONCRETE 
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usod."  linns   cnn  be  used  to  tert  whether  or  not  two  random 
samples  carr-e  from  popnlp.tinnr.    hovlnt^  tho  stir.c  fre-quoncy 
dlGtributlon.  1'ho    hypothesis  that  the  two  populations  liove 
the  snme  distribution  is  rejected  vihon   there  ere  fewer  or 
more  runs  thnn  would  be  expected  by  chance  if  both  :opula- 
tirns  ere  the  sgr.e.   This  technique,  v/hon  ured  to  test  the 
data  to  which  it  visa   applicable,  indicates  thiit  there  is 
reliable  evidence  at  the  5  percent  sicniflcance  level  that 
at  the  respective  stress  levels  the  data  are  from  the  seme 
population. 

The  test  could  not  be  npplied  to  the  50  percent  stress 
level  date  because  the  number  of  cycles  to  failure  was 
unknown.   In  this  c^se,  testing  was  teminated  when  a  speci- 
men had  sustained  ft  least  ten  niillion  cycles  wi':hcut  fail- 
ing.  A  sin:ilnr  condition  existed  in  the  case  of  the  CO  per- 
cent stress  level  data  since  a  number  of  the  specimens  hr.d 
endured  the  prescribed  ten  million  cycles.   Hc.vever,  it 
seemed  reasonable  to  apply  the  man  test  to  data  frcm  there 
specimens  that  actually  failed  at  less  then  ten  ir.illion 
cycles.   Performinfj  the  test  at  the  80  rnd  90  percent  str3ss 
levels  presents  a  problem  in  the  foi-n  of  identical  numerical 
values  recorded  for  each  of  the  tv/o  mixes.   There  cccui-s  a 
situation  in  v/hich  tlic  number  oi    runs  v/ill  depend  on  the 
order  in  which  the  identical  values  are  considered.   In  both 
cases  under  consideration,  the  maximum  and  ninimun  niimber  of 


Reference  5,  pg.  354 
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possible  runs  fell  within  the  lir.its  celled  for  ft   the  5 
percent  signlf icnnco  level.   Appendix  C  contains  the  detaile 
of  the  Run  tec t . 

Linear  liOGression  Analysis.  A  consequence  of  plotting 
the  cycles  to  I'ailuY'c  to  c  loj^aritrirr.ic  v/ps  a  contraction  or 
drawing  together  of  the  i:  values.  This  contracticn  '.vas  in 
the  form  of  reducing  the  spread  between  the  high  ?I  valuea. 
The  data  in  this  trnnsfonaed  condition  eppe&r  to  have  a 
normal  distribution  with  respect  to  cycles  to  failure.  It 
is  on  this  assumption  that  the  follov/ing  analyses  ere  per- 
formed . 

Only  the  data  for  the  70  and  SO  percent  stress  levels 
were  considered  in  the  analyses  because  it  is  only  at  these 
levels  thct  the  data  are  complete.   Sy  complete  it  is  meant 
that  an  equal  number  of  specimens  fr'om  each  mix  design  had 
been  tested,  v/hlle  in  the  case  ol  the  90  percent  stress  level 
data  was  available  for  only  one  of  the  mixes  and  in  the 
cases  of  the  50  and  60  percent  levels  nc>ny  of  the  specimens 
tested  did  not  fail.   In  addition,  at  the  70  end  80  percent 
stress  levels  there  are  a  sufficient  number  of   specimens 
tested  to  indicate  any  r elationsliips  that  might  exist  at 
these  two  stresr:  levels. 

Fitting  n  curve  to  the  data  of  each  rlx  design  was 
accomplished  by  the  method  of  least  squares.   Only  a  linear 
relationship  was  considered  and  the  calculations  for  the 
linear  regression  analysis  are  contained  in  Appendix  C. 


The    least   squares   linonr  regression  equetion  rosulting 
from  an  analysis   of   the   data  for  the   non-air-entrRined   con- 
crete  is: 

log^^QN   =    12.257   -    O.IGC   S    1 

where  N   Is    cycles    to  failure   and  S   Is    percent    of  the  ulti- 
mtite    stress.      This   equation   can   only  be   used  to   estinsto  N 
when  the    value   of  S    is  between  G6   and   04   percent    since    this 
is   the   range    of  the   S   values   used   in  the   analysis. 

The   least    squares    linear   regression  equtting   resulting 
from  an  analysis   of  the    data    for  the   air-entrained   concrete 
vras   calculated   to  be: 

log]_oN  =   20.501    -    0.214  S    2 

The  same  limits  on  S  that  ?pply  to  the  equation  for  the 
non-air-entrained  concrete,  apply  to  this  equation  Trhen 
estimating  II. 

Along  with  the    linear   regression  equations,    the   correla- 
tion coefficients   for  the   two  sets    of   data   were    calculated. 
The   degree    of  association  among   the   data   for  the   air- 
entrained   concrete   is   very   high,    the   correlation   coefficient 
being   -0.94.      The    degree   of   association  for  the   non-air- 
entrained   concrete   is   les."?   than   that    for  the   air-entrc . -.ed 
data,    the    correlation  coefficient   in  this   case  being   -    .62. 
A   significance    test   for  differences  between  correlatl 
coefficients   was   performed  as    outlined   in  Appendix  C.    and   at 
the   5   percent   significance   level   there   is    reliable   evidence 
that  the   two   correlation  coefficients   are   significantly 


76 

different.      This   test   only   compares    the   linear  aasocletlon 
of  the   data   and   does   not   compare    the   curvas   determined   by 
the    regression  analysis.      However,    it   does   show   that    the 
fatigue    data   for    the   cir-entrained   concrete   lies   considerably 
greater  uniformity   than  the   fatigue   data    for  the    non-alr- 
entralned   concrete. 

A   test   was   also   performed   to    find  whether  or  net    the 
slopes   of  the    two   equations   v/ere    significantly    different. 
Theoretically   this   test    can  be   perfcimed   only   if  the   two 
populations   have    a   common   variance.      This  was   not   the   case 
for  this   set    of  data.      An  F-test   on  the  variances    indicates 
that    there    is   a    difference   in  the    variances.      There   is   no 
test   available   for  the   condition  of  unequal   variances, 
therefore    it   seemed   advisable   to   perform  the   test   v/ith   the 
assumption  that   the    variances   were    equal.      The   use   of  unequal 
variances    in   this   test    is   critical   only   in   those   cases  where 
the   calculated    t-value   is    not    significantly   different   from 
the   t-value    corresponding   to    the   selected    significance    level. 
In   those    cases   where   the   two   t-values    are   simili-.r,    the   pres- 
ence   of  unequal   variances    could   result    in  the   hypothesis 
being   rejected  when  actually   it   should   have    oeen   accepted 
or  the   reverse   situation  might   apply   in  which  the   hypothesis 
is   accepted   when  it    should   be    rejected.      The    test,   which  is 
outlined   in  Appendix  C,    indicates   that   at   the   5   percent    sig- 
nificance  level   there   is   no  reliable   evidence    that   the 
slopes   are   significantly   different.      This   indicated   equality 
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of  thy    slopes    suggests   very   rjtrongly   that    the    irjlationship 
existing  between  t ho  strosc   level   nnd   the   cycles   to  failure 
for  the   non-rir-entrained    concrete    is    the   asne   as   the 
relationship   for  the   air-entrsined   concrete. 

Prediction  Intervals,      Althou,^h  the    estlinoting  equptlona 
for  both  mix   designs   hove   beon   calculated,    it  must   be 
realized   thct    if  a    number  of  tests   were   to  be  performed   at 
a   given  S   value,    the   observed   N's   v/ould    cluster  about   the 
calculated    or  estimated   N.      It    is   therefore   advisable   to 
determine   the    limits   of  the   predicted    value   of  an   Individual 
N  for   a  given  S   value. 

Ninety-five   percent   prediction  intervals   were   calculated 
for   each   of   the   t\70   S-N   curves   by   the    procedure    outlined    in 
Appendix  C.      As    shown   in  Trble   0,    these    intervals   are 
extremely  wide,    especially   in  the   case   of   the   non-air- 
entrained   concrete.      It    ccn  be    seen  that    for  a    given  S 
value   the  predicted   N   for  the   air-entrained   concrete   lies 
within  the    limits    for  the   predicted   N  for  the   non-eir- 
entrained   concrete.      The   fact   thct   there   are   overlapping 
prediction  intervals   along  with  essentially   equal  slopes    is 
good    reason  to  assume  thct    there   is   no  difference   between 
the   fatigue   behavior  of  the   two   types   of  concrete. 

Type   of  Failure 
Observation   of   the   actual    progress   of  a   failure   of  a 
fatigued   specimen  was   net   posoible   because   of   the   absence   of 
any   sizable    openin.-s   in  the   specimen  holder.      Even  if  the 


TABLE  9 

NINETY-FIVE    PERCENT   PREDICTION  INTERVALS    FOR 
NON-AIR-ENT RAINED  AND  AIR-ENTRAINED  CONCRETE 
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Prediction  Intervals 
Non-Air-Entrained  Air-Entrained 


Stress 
Level 
( percent) 

Concrete 

Lower      Upper 
Limit      Limit 
(cycles)    (cycles) 

Concrete 

Lower      Upper 
Limit      Limit 
(cycles)    (cycles) 

80 

9,67x10"^ 

3.26x10^^ 

8.94 

5.17x10'' 

75 

1.41x10-5 

5.51x10^^ 

1.53 

5.24x10^ 

70 

7.00x10"'^ 

3.14x10^4 

12.18 

9.08x10^ 

70 

specimens  h&d  been  visible,  it  Ic  doubtful  that  the  progrese 

of   0    failure    could   have   been   obsoi-ved,    nince    the    finol 
breaks   were   extremely   rapid   end   without    nny  vromin^;.      All 
the   fsiluros   v/ere   of  the  type    shown  in   Fi£;urG   ?    and,    cc   can 
be   scon,    the   fctigue   fciluro    Ir:   cirnllar  in   character  to 
thst   exhibited   by   the    speci:nenr   which  v;c:'C   tertod    atntlcelly. 
Little   or   no    crushing   force   v/ri:    exerted   on   the   specimens 
follov/lng  tlielr   ft- lure   bec&use   of   en  autorr.r'tic   shutdown   on 
the   testing  machine   which  was    triggered    the    instant    thet 
the    specinen   fpilod. 

Other  Observations 

It   v.'as   noticed    that    if   ar.  air-entrained   specimen  v;gs 
exchanged    for  a   non-air-entraincd   specimen   in  the   fatigue 
machine  without  any   adjustment    in  the   load   control  rr.echsn- 
isr,:s,    the    lo^ds    applied    to    the    air-entrained    specin:en  v.ere 
different   from  those   that    had   been  established    for  the   non- 
air-entreined   specimen.      This    change    consisted    of  an 
increase    in   the   rninirtiuiri   load    and   a    corresponding   decrease 
in   the   maxirrium  load.      The    cliange    is   explained   by   the   ability 
of  alr-entrrined    specimen   to  compress   farther   under  s    rir.i- 
Icr   load.      The  desired   loads   were    easily   obtained  by   increas- 
ing the   crank   threw,    which   in   turn   increased   the    travel    of 
the   loading   piston  and   thereby   ccmioonsatod   for   the   decrease 
in  height    of  the   air-entrained   specimen. 

Another  phenomenon   noticed  was   an  indicated    change   in 
the   applied   load   while   a    test   was    in   progress.      This  was 


Figure  9e  Typical  Failures 

Fatigue  Failure  on  the  Left 
Static  Failure  on  the  Right 
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noticed  only  rjuring  the  testing  of  air-entrained  apoclmena 
and  it  wa.-^  not  detected  for  all  .speclnonn.   In  thoce  cases 
where  the  load  change  was  detected,  it  wan  only  oftor  the 
specimens  hnd  been  subjected  to  q  million  or  more  cyclea. 
A  strange  feature  was  that  a  number  of  the  specimens 
endured  ten  million  cycles  without  any  load  changes  occur- 
ring.  Althouj^h  no  load  changes  were  noticed  in  the  case  of 
the  non-air-entroined  speclu-.ens,  it  is  entirely  possible 
thst  the  same  phenon-.enon  v;as  taking  place  during  these  tests 
since  tho  load  rending  system  in  use  during  these  tests  v/as 
not  sensitive  enough  to  detect  small  load  changes. 

These  changes  in  the  loadings  consisted  of  an  Increase 
in  the  minimum  load  and  an  increase  or  a  decrease  in  the 
maximum  losd.   The  changes,  however,  were  of  different  mag- 
nitudos  ranging  from  s  few  hundred  pounds  to  ever  a  thousand 
pounds.   In  an  effort  to  explcin  the  phenomenon,  the  throe 
possible  causes  of  any  changes  in  the  loadings  were  con- 
sidered separately  and  in  combincticn.   The  tru^ee  possi- 
bilities v/ere:   (a)  c  malfunctioning  oi   some  circuit  in  the 
load  reading  system,  (b)  a  change  in  the  physical  properties 
of  the  specimen,  end  (c)  an  inconsistency  in  the  functioning 
of  some  portion  of  the  fatigue  m.achine.   The  first  and  tliird 
possibilities  were  eliminrted  because  tlie  load  reading 
system  had  sufficient  sensitivity  to  detect  changes  in  the 
loads  of  the  magnitude  that  occurred,  and  either  of  the  two 
changes  possible  in  the  machine  would  cause  the  loads  to 
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alter  In  equpl  IncrementB.   The  3ocond  possibility,  a  change 
In  the  physical  properties  of  the  specimen,  appears  to  be 
the  best  explanation.   The  type  of  load  change  that  occurred 
suggests  thnt  the  specimen  deformations  produced  by  the 
maximum  load  changed  at  s    rate  different  from  the  rate  by 
which  the  deformations  produced  by  the  minimum  load  changed. 

Summary  of  Fatigue  Test  lic-sults 
The  fatigue  test  results  show  considerable  scatter  even 
though  efforts  had  been  made  to  confine  most  of  the  voria- 
tion  tc  the  fatigue  tests  alone.   A  non-varying  prograiu  for 
preparing  specimens  attempted  to  minimize  batch  to  batch 
differences  of  air  content,  sliimp,  and  strength.   The  seuie 
quantities  of  materials  and  the  same  m.ixlng  procedure  were 
used  for  each  batch.   Curin,',  and  the  preparation  of  specimens 
for  testing  were  also  the  same  for  epch  batch.   Some  of  the 
resulting  variability  can  probably  be  attributed  to  tempera- 
ture and  humidity  changes  v/hlch  were  encountered  in  a  com- 
plete cycle  of  seasons,  spring  through  winter.  But  the  main 
reason  for  the  vai'iability  is  that  small  variations  in  speci- 
men composition  and  condition  become  more  pronounced  in 
fatigue  tests  than  they  would  in  static  tests.   The  short 
duration  of  a  static  test  tends  to  minimize  m.any  of  the  vari- 
ations since  they  do  not  get  a  chance  to  become  effective, 
while  in  the  case  of  fatigue  tests,  the  loading  is  repeated 
numerous  times,  and  the  variations  have  a  chance  to  produce 
whatever  effect  is  associated  with  them.. 


83 

The   analyses   of  the  results   of  65   specinicna   tested   in 
fatigue    indicate   the   follov/lng: 

1.  The   linear  regression  equation  for  the  non-air- 
entrained   concrete    for  values   of  5  between  66 
and   84   percent    ip; 

log^QK   =    12.257    -    0.106   S 

2.  The    linear  regresr^ion  equation   for   the   air- 
entrained    concrete  for   v&luec    of  S   betv/een   C€ 
and   84   percent    is: 

log^^N  =   20.501   -   0.214  S 

3.  There   is    no   evidence    of   any   difference   betv/een 
the   fatigue  behavior  of   non-ei r-ontreined   plain 
concrete  and   air-entrained   plain  concrete  when 
the   stress    condition   is    the    fluctuating   compres- 
sive type.      The  minimum  stress   varied   fror.  one 
to    four   percent    of  the   ultimate   static    compres- 
sive  stress   and   the  maximum   stress  rsnged   from 
50  to   90   percent   of  the   ultimate    stress. 

4.  The   fatigue   test    results    for    the   air-entrained 
concrete    show   less    scatter  than  shown  by   the 
non-air-entreined    concrete. 

5.  The   S-!I   diagrams    obtained   by  considering   all   of 
the   fatigue   test   data    seem  to   support    the    theory 
that    there   is    no   definite   fatigue   linlt    for 
concrete . 
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Results  of  AJdltioiiFl  Tests 
The  tests  covered  in  thir.  Gectlon  v/ere  prompted  by  the 
need  for  explenstlons  of  some  of  the  peculiarities  which 
v/ere  observed  during  the  main  testing  program.   Included  In 
this  section  Dre  the  results  of  the  linear-traverse  air 
content  determinations,  the  results  of  the  deformation 
tests,  end  some  additional  information  on  the  effect  of  age 
on  the  strength  of  the  concroto. 

Air  Content  by  the  Linear  Traverse  Teclinique 
The  air  content  of  two  samples  of  hardened  concrete  v/as 
determined  by  the  linear  traverse  technique  for  comparison 
with  air  contents  determined  by  the  gravimetric  method. 
Equipment  for  measuring  air  content  by  the  linear  traverse 
method  had  been  used  in  a  previous  investigation  and  v/es 
still  available  in  the  laboratory. 

The  use  of  the  linear  traverse  teclinique  was  prompted  by 
the  need  for  a  check  on  the  air  content  of  batch  FN7  as 
measured  by  gravimetric  method.   This  elr  content,  which  was 
6.2  percent  according  to  the  gravimetric  determination,  was 
questioned  because  the  mix  design  used  was  for  non-air- 
entralned  concrete  end  because  the  air  contents  of  the  other 
seven  batches  of  the  same  mix  design  did  not  exceed  two  per- 
cent.  A  check  of  the  individual  measurements  disclosed  a 
weight  determination  for  batch  FT'7  which  was  slightly  differ- 
ent from  the  corresponding  weight  detenninatlcns  for  the 
other  seven  batches.   The  weight  had  been  recorded  as  20,00 
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pounds,    while   a    value   of  20.90   pounr!s   was   rroro    reoponnble. 
A    calculated   air  content    of   0.0   percent    resulted  when   the 

value    of  20.90  pounds   viar   uoed.      The   iilr  content    of  the 
concrete    fron  batch  FN7   as    estimated    fron  two   hundred 
inches    of  traverse   on  a    section  taken   from  one    specimen  was 
1.6   percent   as    shown   in  Table   10a.      This    value   was  much 
closer  to  the  revised  gravimetric   value   of  0.3   percent   thpn 
to  the    original  gravimetric   value   of   G.2   percent,    and   there- 
fore   the   0.8   percent   value   was    taken  03    the    con-ect   fe,ravi- 
motric   method   air  content. 

To   check  the    linear  traverse  method  with   recpect    to  a 
high  and   a    low  air   content,    the   air   content    or  a   san;ple    of 
concrete   from  the   FAl   batch  v/as    determined,      xhe   air  content 
as    estimated   from   two   hundred   inches    of   traverse   on  a   sec- 
tion talcen  from  one    speciinen  was    10. C  percent    snd  the   nir 
content   of  the   same   batch  by   the   gravimetric  method   was   7.6 
percent. 

A   comparison   of  the   air  contents    of  the  batches   as   deter- 
mined  by  the   gravimetric  method  and  by   the    linear  traverse 
method    is   shown   in  Table    10b.      The   comparison   indicates    that 
the    two  methods   are   more   coc-patible   at    the   hij^her  air  con- 
tents  than  at    the    lower  air  contents.      It    is   also   apparent 
that   the    linear  traverse  method   is    capable    of  distinguishing 
betv/een  high  and    low   air  contents. 
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TABLE  10a 

AIR  CONTENTS  BY  THE  LINEAR  TRAVERSE  METHOD 


Source  of          Total  Total  Total  Air 

Section   Face   Distance  Traverse  Number  of  Content* 

(batch)         Across  Air  Length  Bubbles  (percent) 

Voids  (inches) 


( inches) 


1  2.12      100.01      87 

FN7  1.6 

2  1.13      100.13      48 


1  9.41      100.01      1042 

FAl  10.0 

2  10.69      100.89      838 

^^   Air  Content  =  Total  Distance  Across  Air  Voids  ^  iqo 

Total  Traverse  Length 


TABLE  10b 
comparison  of  air  CONTENTS 

Air  Content  (percent) 

Batch    Gravimetric  Method    Linear  Traverse  Method 
(plastic  concrete)      (hardened  concrete) 

FN?  0.8  1.6 

FAl  7.6  10.0 
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Results    of  the   Deformation  Teato 

The   behavior  of  some   of  the   alr-ontrained   concrete 
specimens  when  undergoing   fntiguln^;;  action,    prompted  a 
limited   number  of  slow  speed   repetitive    losd   tests.      It   was 
hoped   that    seme   cher?icteristlc    of  the    concrete    could   be 
detected   which  would   offer  an   explcn&tion  of  why  the   loads 
changed  during;   the   tcstin^^j   Oi.'  seme    of   the    £-ir-ent rained 
fatigue    specincnp.      Three    C-lnch.  difimetor  by   12-lnch  high 
cylinders    from  both  the   non-ai r-entrslned  mix  end   the   air- 
entrained  nix,    v/ere   loaded   and   unlo;  ded   in  compression 
thrcu£;h  four  cycles    tc    predetermined  maximum   loads.      These 
maximum   loads   v;ere   intended   to  be   50,    60,    and   7C   ^-ercent   of 
the   ostim-cteu   stntic   compressive    rtrength  of  the   batch. 
This  estimpte   was   obtained  by   testing   in  comprei^rlon   t'lree 
additional   C-lnch  dia;iieter  by   12-Inch  lilgh  cyllrciors    from 
each  batch. 

These    repeated-load  tests    did   not   produce    any   signifi- 
csnt    results.      Reference   to  Table   11,    which  contcins    the 
dofomations   that   were   measured   at   the   induced  niaximun  and 
minimum   loads,    shcv/s   no   trend   in  the    data   thrt    oar.  oxrl?ln 
the   observed  behavior  of  the  specimens.      Any   interpreta ticn 
of   the   results   of  these   tests   is    hindered  by   the   foot   that 
the  Ames    dials    on   the  deflection  yoke   perfoi'med   very  errat- 
ically.     The    Inconsistoncies    in  the   dial    readings   can  be 
seen   by   referring  tc   the   actual   dual    readings   listed   in 
Tables   37   through  42,   Appendix  D. 
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Effect    of  Size   of  Speclnen  on  Strength 
Mine   3-inch  specimens   were   cost   from  osch  of  tho    tv/o 
batches  which  provided   the   G-inch   spccimona  used   in  the 
deformation  tests.      By  considering  the   test   data   obtained 
from    the    three    C-inch    rjpecir.iona   v/hich   Ixrd   been  used    for 
estimeting  the   ultimate    strength  of  each  batch  In   the 
defomation   tests,    and   that   obtained   from  the   nine   3-inch 
specinens    from  each  br.tch,    it   was   possible    to    arrive   at   an 
estimate   of   the   effect    of    the   size   of   the   specimen  on   the 
compressive   strength  of  the   concrete.      Testing  facilities 
introduced    one   factor  which  had   to  be    evaluated    separately. 
This    factor  was    the   use   of   the   50,0C0-pound   testing  Eschlne 
for  testing   the    5-inch   specim.ens    and    the   200, 000-pcund   test- 
ing macliine    for  testing   the    6-inch  specimens.      T;-us    testing 
machine   effect   is    discussed   in   the   next   section.      The    results 
of   the    size    effect    tests   are  shown  in  Table    12. 

Although  the    small   number  of  6-inch   specir.ens    tested 
does   not    give   a   very   reliable    estimate    of  the    strength, 
there   is   a    strong   Indication  that   the    small   cylinders   gave 
a   higher  compressive    strength  than  the   large    cylinders.      The 
average    compressive    strengths    of  the   small   cylinders  were 
1640   psi   and   1530  psi   higher  than  the   average   strengt:.s    of 
the   large   cylinders   for  the   non-air-entroined   concrete   and 
the   air-entrained   concrete   respectively. 
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TABLi:;  12 
AVERAGE  COMPRESSIVE  STRENGTHS,  SIZE  EFFECT  STUDY 

Batch    Specimen  Specimen   Average  Ultimate  Number  of 

Deaig-   Age  When  Diameter  Static  Compressive  Specimens 

nation    Tested  (inches)       Strength        Tested 
(days)  (psi.)  ^ 

36        3  5110  9 


PSN 
(non-air) 


37        6  3470 


FSA 
(air) 


34        3  4860  9 

36        6  3330  5 
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Effoct   of  Testing  Machines   on  Stren^-th 
It   was   known   that    the    200,000-pounu   t'jstlng  nachlno 
operated   at   o    speed   greater  thnn  the   0.05   Inches   per  minute 
prescribed  by  ASTIvl.      To  detemine    if  prrt   of  the   difference 
in  stren^^th   due   to   size   was   actually   due   tn   the   faster  test- 
ing  speed,    en   additional    concrete  mix   was   prepared.      Thirty 
3-inch  specimens   were    cast   from  the   mix  and   cured   in  the 
saturated    lime   solution  for  31   days   before    capping   end   the 
subsequent   testing.      Str.tic   compression  tests  were   conducted 
on  fifteen   specimens   by  the   50, 000- pound   testing  machine 
and    on   fifteen   specimens   by  the   200,000-pound    testing 
machine.      The    data   from  the  tests   were   analyzed   for  sig- 
nificance  of   difference    at   a    significance    level   of  5  percent. 

There   is    reliable   evidence    of  a   difference    in  the   com- 
pressive   strengths   produced   by   the   tv/o    testing  machines. 
The   results   of  the  compression   tests   are   summarized   In 
Table    13. 

The    lover  average   compressive   strength  (550  psl   lower) 
obtained   by  uro   of  the  200,00C-pounc   testing  machine   Indi- 
cates   that   the   difference    in   strength   is    ct   lerst   pr-rtlelly 
due   to   the   nature   of  the  testing  machine,    since   it   is   an 
established    fact    (22)    thet   an   increase   in  testing  speed  will 
result    in  an    increase    in   the  ultimate   compressive   strength 
of   concrete    cylinders. 
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TABLE  13 

AVERAGE  COMPRESSIVE  STRENGTHS  -  MACHINE  EFFECT  STUDY 


Testing   Testing    Nvunber  of      Average       Coefficient 
Machine    Speed     Specimens  Ultimate  Static   of  Variation 
(in./min.)    Tested      Compressive     (percent) 


Strength 
(psi.) 


200, 000- lb.    0.07       15  4340  9 

50,000-lb.    0.05       15  4890  3 


Note:   All  specimens  from  same  batch  and  all  were  tested 
at  the  age  of  35  days. 
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Effect    of  Additional  Aging  of  the  Concrete 

Specimens  taken  fro^  three  of  the  batches  ir.cde  Jurir^ 
the  regulcr  testing  program,  were  tested  in  comprosrion 
after  having  beon  stored  unJor  normal  room  condltior.r:  for 
as  long  ss  5-1/2  months.  The  specimens  were  subjectoo  t,o 
static  compression  tests  usl  .g  the  saxi.o  testing  procedure 
that  had  been  used  In  the  earlier  compresrlon  tests.  The 
results   of   these    tests   are    shown   in  Table   14. 

Significance    of   difference    teats  were   performed   to 
determ.ine   if   the   Increases    in   the   average   compresslvt: 
strength  of   each   of  the   three   batches   was    significant.      At 
a    significance    level   of   5   percent,    there    is   reliable    evi- 
dence   of   sn   Increase   in  the   average   strength  of   each  batch. 

In   contrast  to   the    los?   of   strength   sustained   during  the 
fatigue    testing  of  the    alr-entralned   concrete,    the   compres- 
sion tests   on   speciirens    from  batch  FAl   Indicate   that   the 
air-entrained    concrete    increased   its   strength  significantly 
over  a   period   of  almost   2-1/2  ir.onths.      The   loss    of  strength 
sustained  by  the   alr-entrsined    concrete  during   the   fatigue 
testing   averaged    140   psl    over  a   period   of  tim.e   which  averaged 
16   days.      Table    14   shows   that    the  gain   In  the   average 
strength  of  batch  FAl   over  a   period   of  82   days   was   450  psl. 
In  both  cases   the    initial    compression  tests   were   performed 
v.'hen  the   age   of   the   air-entrained    concrete  v/as    from.  34   to  36 
days.      The   only  explanation  that   can  be  given  for  the   sub- 
sequent  gain   in  stren^^'th   of  tho  air-entrninod   concrete   is 
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that   the   spociinens   fibsorbod  irolsture   from  the   aurrounding 
air.      An  explanation   of  the  preliminary   loss   of  atrangth  has 
not   been  ettempted  begpuso   no  rdequate   reason   haa   presented 
itself. 
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r,UT.ir,'j^irr  of  results 

The   following   I2   a   brief  rccapltulr tion  of  the  najor 
findings    of  this   inver.tlg&tion   in   tho   order  in  wliich  they 
were   considered   in  the   previous    section; 

1.  Tho  moan   strengths    of  the    non-oir-entrainod    concrete 
mix   and   the   air-entrained  mix,    4090   and   4430  pal    respec- 
tively,   were   not    significantly   different. 

2.  The   average    air  content   of   the   non-air-entralned 
mix  was   0.9   percent   and   the   average  air  content   of  the   air- 
entrained  mix  was   8.3   percent.      The    coefficient   of  verlation 
of  the   air   content   for  the   non-air-entrained  mix  w£s   an 
abnormally   high   56   percent   as   against    0    coefficient    of  12 
percent   for  the   air-entrained  mix. 

3.  The    average    s-lump^    of  the   non-air-enti-ained   end  the 
air-entrained  mixes   v/ere   4   inches   and   2   inches   respectively, 
with  corresponding   coefficients   of  variation  of   40  and   15 
percent.  < 

4.  There  was  no  significant  gain  in  strength  of  the 
non-air-entrelned  concrete  during  the  periods  of  fatigue 
t  Q  s  t  i  ng . 

5.  There   was   a   significant   decrease   in  the    strength  of 
the   air-entrained   concrete  during  the   periods   of   fatigue 
testing.      The   decrease   averaged   140  psi;    however,    it   was 
assumed   that    this   change   did   not   materially  affect    the 
results    of   the    fatigue    tests. 
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G.      The   ratiguo   tont   date   for   the   air-entralnod   con- 
crete  had   considerably   loos   veriotlon  than  the   date   for  thfi 
non-air-entrelned   concrete. 

7.      The    portion   of  the  S-K   curve   for  the   non-clr- 
entraincd    concrete   between  the   stress    levels    of  66  and  84 
percent   has,    as    determined  by  a   linear  rcgreccion  analysis, 
the   relationship: 

log^^i:  =  12.257  -   c.ioe  S 

The   portion   of   the  S-N  curve   for  the  air-entrained   con- 
crete  between  the    stress    levels   of   66   and   84    percent   has, 
as   determined   by   a   linear  regression  analysis,    the    relation- 
ship: 

log^^N  =   20.501   -    0.214   S 

It   was    found,    however,    that   the   slopes   of   these    lines   are 
not    significantly   different   and   in   addition,    that    one   pre- 
diction  interval   lies   witliin  the   other.      On  tlils  basis   it 
may  be    said   that   the   relationship  of   stress    level   to   cycles 
to   failure   is   not    significantly   different   for  the   two   types 
of  concrete   v/hen  a    fluctuating  compressive   stress   condition 
is  maintained   and   the   mininiiim   stress   is    held   ccastant   at 
slightly   in   excess   of  zero   stress. 

8.      The   fatigue   test   data   accvusiulated   in  this   study   sug- 
gest   that   the   S-:T  curve   is    continually   sloping   dovmwards; 
that    is,    there   is   no   indication  of  a   definite   fatigue    limit 
for  either  the   non-air-entrained   or  the   air-entrained   con- 
crete . 
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COHCLUniC^IS 
The   followin(j   concluslcns   ere   based   on   8    Icborotory 
investigation   of   fatigue   of  concrete   in  whiou  3-   by   C-lnch 
cylinders   were   tested  by  n    fluctuating   corpror'-ivo    stresr 
In  which  the   maxlrium  v/rr,   vrried   end   the   ninlnur.  atrcc-    v/aa 
maintained   at    a    constent   value   near  zero.      Subject   to   these 
qualifications,    the   following   conclusions   appear  to   be 
justified: 

1.  The  fatigue  behavior  of  non-Di r-entrained  plain  con- 
crete and  sir-entrained  plain  concrete  are  not  significantly 
different. 

2.  It    eppcars   that    there   ir    considerably    less  varietior. 
present   anon-   fatigue   test    data   for  the   oi r-entrained   plain 
concrete   then    there   is    for  the   non-air-entro ined   plain  con- 
crete . 


SUGGIilSTIONS   FOR   I-'URTKIR  VYOIC: 
The   research  reported   in   this    thesis   003   considered   the 
behavior  of  clr-entreined   concrete   in  feti^ue  with   resr^ect 
to   only   two  major  variables,    a   zin^l-i   air  content  t.-ju   a 
fluctuating   compressive   stress.      There  are   nunerous   ctlior 
variables    that    could  be   and   should   be    invest i^atod   sin^ju- 
Icrly   or  in   combinations.      Unfortunately   Invectlgationa   of 
certain  variables    can   easily  be    extended   over  a   period   of 
years   in  order  to  obtain  a   sufficient   anount   of  data. 

The   results    of  this    study    sugj^est    thft   a   bettor  estimate 
of  the   fDti^-ue   life   of   concrete    at   a   jjiven   stress    condlticn 
could  be   obtained   by  taking   the   necessary  nioiaber  of  fatigue 
specimens   from   the   same    br'tch.      i^ucl;  r    procedure   would 
eliminate    the  batch-to-bntch  variatlcn    that   was   present   i:: 
this    study.      V/ith  proper  storage   of   the    test    specinens, 
aging   could  be   kept    negligible   except   possibly  when  speci- 
mens   are   tested   at    lov/  stress    levels   and   can  be   expected    to 
remain   in  the    fatigue  m.achine   for  a    considerable   period  of 
t  ime . 

The    following   rocomir.endatlons    for  future    research  crc 
ones   which  are   not    only  of  major  interest,   but   ere    such  that 
the   testing   program  involved   cculd  be   completed  in  e   reason- 
able  period   of  time. 

1.      Additional   tests    should  be    run  et   other  stress 
levels    to   supplement   the   data  presented   in   this   thesis   and 
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thereby  ponnit   the   ontabllf?hn:orit   of   f,n  S-N  curve   extending 
over  a   greater  number  or   ctroas    levels. 

2.  The   effect   of  stress   grcUients   ahculd  be   Investi- 
gated.     Th:>t    is,    the    atrosg    condition   coul'3  be    one  that 
varies    fron   tension   to  c  cir.pressicn,    or   it   could   bo    one   that 
has   a   snail   stress    range  which  is   either  tensile  or  cojn.pres- 
sive.      in  the    case    of  the   srnrll  stresr    ran^e   the  mean   stress 
could  be    large   or   snail. 

3.  The    effect    of    the    strength   of   the   concrete   should  be 
investigated.      It    cculd  be    that    the    extr'^r:,?:    of  a    high  end  e 
low   cement   content    he vo   a   pronounced   effect    on  the   fatigue 
properties   of  the   concrete. 

4.  Not   much  information  is   available   on  the    fatigue 
properties   of   lightweight   aggregate    concrete,      investiga- 
tions   in   this   area   would  be   valuable. 
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APPENDIX  A 


TEST   DATA   FOR  CONCRETE   MIXES 


TABLE  15 
DATA  SHEET  FOR  MIX  DESIGN  FN  BATCH  1 


106 


Plastic  characteristics 
slump  =  3  Inches 
air  content  =  0.6  percent 


Curing 


1  day  in  molds 

27  days  in  saturated  lime  solution 


Drying 


age  at  start  =  28  days 
age  at  finish  =  32  days 


Capping 

at  age  of  35  days 

Static  compression  teats 

age  when  tested  (days) 

breaking  stress  (psi.) 


36 


63 


3640 

4160 

4030 

3840 

4460 

4250 

4050 

3910 

4340 

3910 

4070 

3980 

3870 

3770 

4070 

Fatigue  tests 

age  of  spec 

iime 

ns: 

at  start  = 
at  finish 

39  days 
=  61  days 

minimxm  loa 

,d 

maximxjm  load 

stress  cycles  endured 

(lbs.) 

(lbs.) 
14,500 

500 

10,155,000 

500 

17,000 

10,355,000 

700 

19 , 500 

12,000  failed 

700 

22,700 

282,000  failed 

500  ' 

25,400 

100  failed 

TABLE    16 
DATA   SHEET  FOR   MIX   DESIGN   FN  BATCH  2 


106 


Plastic  characteristics 

slump  =  3-1/2  Inches 

air  content  =  1.2  percent 


Curing 


Drying 


1  day  In  molds 

27  days  In  saturated  lime  solution 


age  at  start  =  28  days 
age  at  finish  =  32  days 


Capping 

at  age  of  34  days 

Static  compression  tests 

age  when  tested  (days) 

breaking  stress  (psl.) 


36 


58 


Fatigue  tests 

age  of  specimens:   at  start  =  37  days 

at  finish  =  56  days 


198 


3350 

3630 

3880 

3540 

3610 

3670 

3630 

3440 

3780 

3600 

3450 

3800 

3610 

3350 

3760 

3420 

3570 

3770 

3650 

3540 

3490 

minimum 

load 

maxim\im  load 

stress  cycles  endured 

(lbs. 

J. 

(lbs.) 
12 , 300 

500 

10,568,000 

500 

14,800 

10,106,000 

500 

17,800 

31,000  failed 

500 

19,500 

2,000  failed 

1000 

22,200 

900  fallad 
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TABLE  17 
DATA  SHEET  FOR  M^X  DESIGN  FN  BATCH  3 


Plastic  characteristics 
slump  =  6  Inches 
air  content  =  1.9  percent 


Curing 


1  day  in  molds 

27  days  in  saturated  lime  solution 
10  days  in  saturated  lime  solution  for  cylinders 
tested  at  11  days 


Drying 


Capping 


age  at  start  =  28  days 
age  at  finish  =  31  days 

at  age  of  32  days 

at  age  of  10  days  for  cylinders  tested  at  11  days 


Static  compression  tests 

age  when  tested  (days) 
breaking  stress  (psi.) 


11 


33 


171 


— ^ 

2750 

3200 

3640 

2630 

3830 

3700 

3630 

3900 

3550 

3770 

3200 

3380 

3370 

3270 

Fatigue  tests 

age  of  specimens:   at  start  =  36  days 

at  finish  =  51  days 


mlnimiMi 

load 

maximum  load 

(lbs. 

1 

(lbs.) 

300 

12 , 300 

500 

14,400 

700 

16,500 

700 

18,700 

500 

20,500 

stress  cycles  endured 


10,330,100 

3,630,400  failed 

25,800  failed 

19,800   failed 

300   f si  led 
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TABLE    18 
DATA   SHEET   FOR   MIX   DESIGN   FN   BATCH  4 


Plastic   characteristics 

slump  =   2-1/2   Inches 

air   content  =   1.5   percent 


Curing 


1   day  in  molds 

27   days   in   saturated   lime   solution 
6   days   in  saturated   lime   solution   for  cyllndera 
tested   at    7   days 


Dryin/^ 


age  at  start  =  28  days 
age  at  finish  =  32  days 


Ca££in£ 


at  age  of  33  days 

at  age  of  6  days  for  cylinders  tested  at  7  days 


Static  compression  tests 

age  when  tested  (days) 
breaking  stress  (psi.) 


35 


69 


2530 

4410 

4230 

2440 

4200 

4260 

2550 

3860 

4090 

4190 

4170 

3910 

4060 

3600 

4200 

3780 

4030 

4130 

Fatigue  teats 


age  of  spec 

minimum  los 
(lbs.) 

;ime 
id 

ns:   at  start  = 
at  finish 

maximum  load 
(lbs.) 

14,100 
16,500 
19,000 
22,600 

35  days 
=  55  days 

stress  cycles  endured 

500 
500 
500 
800 

10,562,000 
10,472,000 
2,349,600  failed 
8,900  failed 
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TABLE  19 
DATA  SHEET  FOR  MIX  DESIGN  FN  BATCH  5 


Plastic  characteristics 


Curing 


slump  =  3  inches 

air  content  =  0.5  percent 


1  day  in  saturated  lime  solution 
27  days  in  saturated  lime  solution 
6  days  in  saturated  lime  solution  for  cylinders 
tested  at  7  days 


Drying 


age  at  start  =  28  days 
age  at  finish  =  32  days 


Capping 


at  age  of  33  days 

at  age  of  5  days  for  cylinders  tested  at  7  days 


Static  compression  tests 

age  when  tested  (days) 
breaking  stress  (psi.) 


34 


48 


2460 

4240 

3940 

2480 

4300 

4190 

2480 

4250 

4020 

4230 

4250 

4ieo 

4120 

4240 

4130 

3970 

4110 

38 IC 

4220 

Fatigue  tests 

age~oT  specimens:   at  start  =  34  days 

at  finish  =  47  days 


minim\Jin  load 
(Ibs.l 

500 
500 

500 
700 


maxinium  load 
(lbs.) 

17,400 
20,300 
22,500 
26,100 


stress  cycles  endured 


10,740,000 

99,700  failed 
1,500  failed 
3,700  failed 
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TABLE  20 
DATA  SHEET  FOR  f.aX  DESIGN  FN  BATCH  6 


Plastic  characteristics 

slxxmp  =  2-1/2  Inches 

air  content  =0.1  percent 


C\arlng 


1  day  In  molds 

27  days  In  saturated  lime  solution 
6  days  in  saturated  lime  solution  for  cylinders 
tested  at  7  days 


Drying 


age  at  start  =  28  days 
age  at  finish  =  32  days 


Capping 


at  age  of  33  days 

at  age  of  5  days  for  cylinders  tested  at  7  days 


jStatlc  compression  tests 

age  when  tested  (days) 
breaking  stress  (psi.) 


2940 
2960 
3040 


34 

4560 
341C 
4190 
459  0 
3990 
4350 
4660 
4380 


47 

4240 
4300 
3920 
4130 
4070 
4060 
3540 
4410 


Fatigue  tests 

age  of  specimens:   at  start  =  35  days 

at  finish  =  39  days 


minimum  load 
(lbs.) 

500 
500 
800 
500 


maximum  load 
(lbs.  J 

18,000 
21,000 
24,000 
26,500 


stress  cycles  endured 


1,308,400  failed 

278,700  failed 

1,000  failed 

300  failed 
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TABLE  21 
DATA  SHEET  FOR  MIX  DESIGN  FN  BATCH  7 


Plestlc  charecterlatlcs 
slump  =  6  Inches 
air  content  =  0.8  percent 


Curlnp 


1  day  In  molds 

27  days  in  saturated  lime  solution 
6  days  in  saturated  lime  solution  for  cylindera 
tested  at  7  days 


Drying 


age  at  start  =  28  days 
age  at  finish  =  32  days 


Capping 


at  age  of  33  days 

at  age  of  5  days  for  cylinders  tested  at  7  days 


Static  compression  tests 

age  when  tested  (days) 
breaking  stress  (psi.) 


2770 
2690 
2830 


34 

3910 
4290 
3700 
4360 
3460 
3510 
3370 
3960 


54 

3840 
3570 
4150 
4030 
3610 
4180 
4300 
4180 


Fatigue  tests 

age  of  specimens:   at  start  =  47  days 

at  finish  =  47  days 


minimvun  load 
(lbs.) 

500 

1000 

500 


maximum  load 
(lbs.) 

18,800 
21,500 
24,200 


stress  cycles  endured 


54,500  failed 

4,600  failed 

10,900  failed 
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TABLE  22 
DATA  SHEET  FOR  MIX  DESIGN  FN  BATCH  8 


Plastic  characteristics 
slump  =  6  Inches 


Curing 


air  content   =   1.0  percent 


1  day  in  molds 

27  days  In  saturated  lime  solution 
6  days  in  saturated  lime  solution  for  cylinders 
tested  at  7  days 


Drying 


age  at  start  =  28  days 
age  at  finish  =  32  days 


CaPP^"g 


at  age  of  33  days 

at  age  of  5  days  for  cylinders  tested  at  7  days 


Static  compression  teats 

age  when  tested  (days) 
breaking  stress  (psi.) 


34 


55 


2880 

4180 

4210 

2690 

4270 

4280 

2770 

4570 

4140 

4340 

4120 

4200 

3970 

4060 

4100 

4270 

4200 

3960 

4330 

Fatigue  tests 

age  of  specimens:   at  start  =  34  days 

at  finish  =  35  days 


minimum  load 
(Ibs.j 

500 

800 

1000 

500 


maximum  load 
(lbs.) 

17,800 
20,500 
23,500 
26,700 


stress  cycles  endured 


1,388,700  failed 

52,200   failed 

1,700  failed 

500  failed 
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T/BLE  23 
DATA  SHEET  FOR  MIX  DESIGN  FA  BATCH  1 


Plastic  characteristics 

slump  =  1-3/4  inches 

air  content  =7.6  percent 


Curing 


1  day  In  molds 

27  days  In  saturated  lime  solution 
6  days  In  saturated  lime  solution  for  cylinders 
tested  at  7  days 


Drying 


age  at  start  =  28  days 
age  at  finish  =  31  days 


Capping 


at  age  of  32  days 

at  age  of  5  days  for  cylinders  tested  at  7  days 


Static  compression  tests 

age  when  tested  (days) 
breaking  stress  (psi.) 


2120 
2810 
2740 


34 

4000 
3710 
3970 
4320 
4200 
3930 
4050 
3990 
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4360 
4450 
4600 
4670 
4480 
4360 
4420 
4510 
4620 
4590 
4220 
4380 
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TABLE  24 
DATA  SHEET  FOR  MIX  DESIGN  PA  BATCH  2 


Plastic  characteriatica 
slump  =  2  Inches 
air  content  =  10.5  percent 


Curinji^ 


1  day  in  molds 

27  days  in  saturated  lime  solution 
6  days  in  saturated  lime  solution  for  cylinders 
tested  at  7  days 


Dryinp; 


age  at  start  =  28  days 
age  at  finish 


32  days 


Capping 


at  age  of  33  days 

at  age  of  5  days  for  cylinders  tested  at  7  days 


Static  compression  tests 

age  when  tested  (days) 
breaking  stress  (psl.) 


34 


65 


2690 

4210 

3960 

2810 

4470 

4210 

2720 

4500 

4590 

4600 

4220 

4390 

4280 

4300 

4150 

4210 

4120 

4380 

4520 

Fatigue  tests 

age  of  specimens:   at  start  =  36  days 

at  finish  =  54  days 


minimum 
(lbs. 

load 
1 

maximvim  load 
(lbs.) 

18,350 

21,550 

23,900 

--27,500 

stress  cycles  endured 

500 
550 

500 
—  500 

10,048,000 

702,200  failed 
2,800  failed 
-->100  failed 
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TABLE  25 
DATA  SHEFJT  FOR  MIX  DESIGN  FA  BATCH  3 


Plastic  cheracterlatlcs 
sliOTp  =  2  inches 
air  content  =  7.7  percent 


Curinp; 


1  day  in  molds 

27  days  in  saturated  lime  solution 
6  days  in  saturated  lime  solution  for  cylinders 
tested  at  7  days 


^rjiuK 


age  at  start  =  28  days 
age  at  finish  =  32  days 


Capping 


at  age  of  33  days 

at  age  of  5  days  for  cylinders  tested  at  7  days 


Static  compression  tests 

age  when  tested  (days) 
breaking  stress  (psi.) 


34 


57 


2990 

4280 

4590 

2770 

4370 

4410 

2830 

4540 

4630 

4710 

4310 

4520 

4460 

4520 

4160 

4450 

4300 

4550 

Fatigue  tests 

age  of  specimens:   at  start  =  41  days 

at  finish  =  56  days 


lirciOT  load 

maximum  load 

(lbs.) 

(lbs.) 

400 

15,800 

500 

19,200 

500 

22,350 

500 

25,300 

500 

28,800 

stress  cycles  endured 


10,314,000 

6,294,500  failed 

109,400  failed 

600  failed 

300  failed 
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TABLE   26 
DATA   SfffiET   FOR   MIX   DESIGII   FA   BATCH   4 


Plastic  characteristics 

slump  =  1-3/4  Inches 

ait"  content  =  7.5  percent 


Curing 


1  day  in  molds 

27  days  in  saturated  lime  solution 
6  days  in  saturated  lime  solution  for  cylinders 
tested  at  7  days 


DryinR 


age  at  start  =  28  days 
age  at  finish  =  32  days 


Capping 


at  age  of  35  days 

at  age  of  5  days  for  cylinders  tested  at  7  days 


Static  compression  tests 

age  when  tested  (days) 
breaking  stress  (psl.) 


36 


49 


2830 

4550 

4250 

2900 

4570 

4160 

2970 

4390 

4670 

4640 

4530 

4480 

4570 

4530 

4290 

4680 

4550 

4480 

Fatigue  tests 

age  of  specimens:   at  start  =  37  days 

at  finish  =  45  days 


mlnimvm  load 
(lbs.) 

6C0 

450 

600 

—  500 


msxiraiom   load 
(lbs.) 

19 , 000 

22,000 

25,300 

--28,500 


stress  cycles  endured 


8,022,600  failed 

204,800  failed 

3,500  failed 

--  100  failed 
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TABLK  27 
DATA  SHEET  FOR  MIX  DESIGN  FA  BATCH  5 


Plastic  characteristics 
slump  =  2  inches 


Curing 


Drying 


air  content  =  7.7  percent 


1  day  in  molds 

27  days  in  saturated  lime  solution 
6  days  in  saturated  lime  solution  for  cylinders 
tested  at  7  days 


age  at  start  =  28  days 
age  at  finish  =  32  days 


Capping 


at  age  of  33  days 

at  age  of  5  days  for  cylinders  tested  at  7  days 


Static  compression  tests 

age  when  tested  (days) 
breaking  stress  (psi.) 


34 


44 


2780 

4330 

4130 

2600 

4230 

4060 

2750 

4530 

4240 

4000 

4180 

4290 

4300 

4330 

4280 

4340 

4500 

4320 

4290 

Fatigue  tests 

age  of  specimens:   at  start  =  34  days 

at  finish  =  44  days 


minimum  load 
( lbs  . ) 

600 

400 

500 

*-^  500 


Eieximum  load 
(lbs.) 

18,000 

21,300 

24,200 

-^  27,100 


stress  cycles  endured 


9,092,900  failed 

1,683,800  failed 

1,500  failed 

^^  IOC  failed 


TABLE  28 
DATA  SHEUT  FOR  MIX  DESIGN  PA  BATCH  6 
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Plastic   characteristics 

slump  =   l-.'574   inc he s 

air  content  =  7.6  percent 


Curing 


1  day  in  molds 

27  days  in  saturated  lime  solution 


Drying 


age  at  start  =  28  days 
age  at  finish  =  32  days 


Cappinj;^ 

at  age  of  35  days 

Static  compression  tests 

age  when  tested  (days) 

breaking  stress  (psl.) 


36 


Fatigue  tests 

age  of  specimens:   at  start  =  46  days 

at  finish  =  55  days 


58 


4420 

46130 

4710 

4380 

4750 

4490 

4430 

4710 

4620 

4380 

4630 

4510 

4820 

4670 

4550 

4640 

minimum  load 
(lbs.) 

500 
600 
500 


maximum  load 
(lbs.) 

19 , 500 
22,300 
25,900 


stress  cycles  endured 


10,157,000 

226,900  failed 
3,900  failed 
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TABLE  29 
DATA  SHEET  FOR  MIX  DESIGN  FA  BATCH  7 


Plastic  characteristics 
'       slump  =  2  inches 

air  content  =  9.0  percent 


Curing 


1  day  in  molds 

27  days  in  saturated  lime  solution 
6  days  in  saturated  lime  solution  for  cylinders 
tested  at  7  days 


Drying 


age  at  start  =  28  days 
age  at  finish  =  32  days 


Capping 


at  age  of  34  days 

at  age  of  5  days  for  cylinders  tested  at  7  days 


Static  compression  tests 

age  when  tested  (days) 
breaking  stress  (psi.) 


35 


53 


2760 

4490 

4220 

2600 

4650 

4330 

2650 

4670 

4220 

4350 

4020 

4510 

4170 

4410 

4110 

4420 

4040 

4530 

Fatigue  tests 


age  of  specimi 

minimum  load 
(lbs.) 

3ns:   at  start  = 
at  finish 

maximum  load 
(lbs.) 

15,600 
13,300 
22,100 
24,900 

57  days 
=  52  days 

stress  cycles  endured 

600 
500 
500 
500 

10,105,000 
10,256,000 

361,300  failed 
600  failed 
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TABLE  30 
DATA  SHEET  FOR  MIX  DESIGN  PA  BATCH  8 


Plastic  characteriatlca 

slump  =  2-1/4  Inches 

air  content  =  8.2  percent 


Curing 


1  day  in  molds 

27  days  in  saturated  lime  solution 
5  days  in  saturated  lime  solution  for  cylinders 
tested  at  6  days 


Drying 


age  at  start  =  28  days 
age  at  finish  =  32  days 


Capping 


at  age  of  33  days 

at  age  of  5  days  for  cylinders  tested  at  6  days 


Static  compression  tests 

age  when  tested  (days) 
breaking  stress  (psi.) 


34 


57 


2640 

4080 

4250 

2430 

4110 

3990 

2400 

4010 

3630 

4340 

3890 

4170 

3940 

4230 

3980 

4300 

3750 

4100 

3830 

Fatigue  tests 


age  of  spec 

minimum  loa 
(lbs.) 

;ime 
.d 

ns:   at  start  = 
at  finish 

maximiom  load 
(lbs.) 

14,400 
17,400 
20,500 
23,600 

35  days 
=  54  days 

stress  cycles  endured 

700 
650 
500 
300 

10,760,000 
10,109,000 

215,700  failed 
900  failed 
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TABLE  31 
DATA  SHEET  FOR  fllX  DESIGN  FA  BATCH  y 


Plastic  characteristics 

slump  =  2-1/2  inches 

nlr  content  =  8.5  percent 


Curing 


1  day  in  molds 

27  days  in  saturated  lime  solution 
6  days  in  saturated  lime  solution  for  cylinders 
tested  at  7  days 


age  at  start  =  28  days 
age  at  finish  =  32  days 


Capping 


at  age  of  33  days 

at  age  of  5  days  for  cylinders  tested  at  7  days 


Static  compression  tests 

age  when  tested  (days) 
breaking  stress  (psi.) 


34 


43 


2820 

4430 

4730 

2640 

47G0 

4510 

2450 

4600 

4490 

4600 

3980 

4410 

4480 

4740 

4490 

4770 

4760 

4610 

4580 

Fatigue  tests 

age  of  specimens:   at  start  =  54  days 

at  finish  =  41  days 


minimum  load 
(lbs.) 

500 
400 
500 


maximum  load 
(lbs.) 

19,400 
22,700 
2C,000 


stress  cycles  endured 


10,034,000 

534,900  failed 
400  failed 


APPENDIX  B 


STATISTICAL  ANALYSIS  OF  THE  STATIC  TEST  DATA 
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TABLE  32  (continued) 


Hypothesis:   variance  of  k  normally  distributed  population* 
are  equal. 

Significance  Level:   0.5^ 


z 
z 


(n^-l)3^ 


=   55628.98        21 


(  n^^-l)    In   s^ 


=   607.6035 


npr 


=   2.1896 


N  -    k  =  nj^-k  =   118   -   15  =   103 


,2  ^  Z[(n^-1)    sf]  ^ 


540.087 


N  -    k 


In   Sp  =   6.29174 


M  =   (N-k)    In   8^  -Z     (n^-l)    In   sf 


A   = 


3(k-l) 


(^)    ■      ^ 


=  40.4132 
=  0.05188 


f,  =   k-1   =14  fg  =  ^ 


=    5944.64 


b  = 


1   -  A   - 


=   6267.74 


^obs   =  -^^-^^  =   2.747 


r^   (b-M) 


F^gggC 14,5945)    =   2.31   <   F 


obs 


reject    the   hypothesis 
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TABLE   i'd 

SIGNIFICANCE   TESTS   FOR   MFFERENCE   BETWEEN   F.5EANS 
(DUNCAN   PROCEDURE) 
NON-AIR-ENTHAINED  CONCRETE 


Batch  Designation  FNl 

Average  Strength   102 
of  Batch  ( coded) 


ANOVA  Table  -  One-Way  Classification 
Source    d.f.     S.2.      M.S. 


FN2 

FN  4 

FN5 

FN6 

PN7 

PH8 

54 

107 

114 

118 

90 

120 

K  =  7 


mix 

6 

50,876 

8,479.3 

error 

103 

55,579 

539.6 

total 

109 

106,455 

X 

n  = 

16 

s 

2 

:^  539.6 

d.f.  =  ■ 

^(7,103,0.05)  =  ^'^^ 
D  =  (5.81)(3.22)  =  13.7->19 


54  +  19  =  73  -<  90  90  +  19  =  109  >  102 

.'.at  a  5%  significance  level  the  mean  strength 
of  batch  FN2  is  significantly  different  froa 
the  other  means  . 
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TABLE  34  (continued) 


Hypothesis:   variance  of  k  nomally  distributed  populatlona 
are  equal. 

Significance  Level;    5% 


z: 
z 


(Uj^-Ds^ 


H^T 


=  25722.31 
=  2.3571 


(n^-1)    In   sj 


=   581.3338 


N   -    k  =   nj^-k  =   125   -    16  =   109 


q2    _    S 

Sp 


L(ni-1)    s?J, 


235.984 


N  -    k 


In    9^  =    5.46392 


M  =   (N-k)    In   Sp  -22     (n^-1)    In  s| 


=   13.7335 


A   = 


BTT^TT 


2r[?r^j  "  nte 


=   0.05218 


f^^  =   k-1   =   15 


fg  =  ^—~  =   6244.39 


b  = 


1    -   A   -t 


=   6585.91 


obs 


£2j? =   0.8699 


t-^   (b-M) 


F  Qc   (15,6244)    =   1.68  >  0.9699  .'.  ascapt    the   hypothesis 
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TABLE  35 

SIGNIFICANCE   TESTS    FOR  DIFFERENCE   BETffEb2i   MEANS 
(DUNCAN    PROCEDUFiE) 
AIR-SNTRAINED  CONCRETE 

Batch  Designation  FA2      FA3     FA4      FAS      FA6      FA7      PAS      PA9 

Average  Strength  32        45        49        27        59        33        4  56 

of  Batch  ( coded) 

ANOVA   Table    -   One-'.Vay  Classification 


K  =  8 


Source 

d.f. 

1^  •  o  • 

M  •  O  • 

mix 

7 

36,017 

5,145 

error 

117 
124 

35,388 

302.5 

total 

71,405 

X 

n  =  16 

s2  = 

:  302.5 

d.f.  =  1 

302.5'^  4.35 
16"- 


^(8,117,0.05)  -  ^-^^ 
D  =  (4.35)(3.26)  =  14.2-yi4 


4  +  14  =  18  <  27 


.'.  at  a  5%   significant  level  the  mean  strength 
of  batch  FAS  is  significantly  different  from 
the  other  means. 
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TABLE   36 

SIGNIFICANCE    OP   DI VFSRENCS    TEST    FOR  COMPARISON 
OF  MIX   STRENGTHS 

FN  Mix:  n  =  94  7  =  4090   pal.  a^  =   68,231   pal. 2 

FA   Mix:  n  =   109  7  =   4430  psi.  a^  =   40,179    pal. 2 

Teat  on  variability 

Ho-.  ^'=^' 
Hi:  ^'>'^' 

2 
s^   =  68,231   d.f.  =  93 

s^  =  40,179   d.f.  =  108 
^obs  =  H^  =  l-'70        F^25(93,108)  =  1.39 
1.39  <  1.70  .'.  reject  Hq,  accept  H^ 

Test  on  means 

H  :  ^i>^z 

.oc  =  zi 

7^   =   4430  s^  =   40,179  d.f.    =   108 

Tg   =    4090  Sg   =    68,231  d.f.    =   93 

f  -        4450  -  4090        T  ^^        .        ,  ^^ 

*obs  "   /  ^  =  1-05       tQ  ,   =  1.66 

\/  68S31    40179  ^'^^ 

U   94    "^   109 

1.66  >  1.05   .'.  accept  H 


APPENDIX   C 


STATISTICAL  ANALYSIS    OF   THE    FATIGUFJ   TLST   DATA 
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CALCULATIONS   FOR   RUN  TiiST 

Teat   procedure    described   In  Reference   5,    p.    354. 

Hq:      two    populations   have   the   s&nie   distribution 
oc  -   5    percent 

Stress   level:      50,;  4_  3fo 

FN        10,568,000-*    10,562,000-^    10,330,100—    10,155,000^ 
FA         lO.veO.OOO-*-    1C,;:.14,000-^     10,105,000-* 

Test  not  possible  since  there  are  net  any  specific 

N's,  i.e.,  no  failures  occurred 

Stress  level:   60<  +  3^ 

FN   10,740,000-^  lG,472,000-»'  10,355,000—  10,106,000-" 

3,630,400    1,338,700    1,30F.,400 

FA    10,256,600-*  10,157,000-*-  10,10P,00C-^  10,048,000-* 

10,034,000—  9,092,900    8,022,600    6,294,500 

Test  possible  only  for  those  N's  which  ere  specific 

Runs  =  FA  FA  FA  FN  FN  FN         n„„  =  3      n    =3 

F..  FA 

Stress  level:   70%  +  b% 

FN    2,349,600    278,700    99,700    54,500    52,200 

31,000   25,800    12,000 
FA    1,683,800    702,200    534,000    361,300    22f,900 
215,700    204,800    109,400 

{ continued) 
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CALCULATIONS    P'OR   RUT!   TC:':'    (continued) 


Runs   =   ?rl   FA   FA    FA    FA    i^s    "A    ?A   FA   FA   F!I   F?!   FN   PN   "'■    ~»? 
"FN  -   ^       "fa    =  ^ 

Stress    level:      80:?^  +    3,,o 

FN        282,000         19,800        8,000        4,600        2,200        1,700 

1,500        1,000 

FA    5,900    3,500    2,300    1,500    ;<00    600    60C    4  DO 

Runs  ^   FN  ft;  FN  FM  FA  FA  FA  FN  FN  ^J^'   ^'^  ^"'•'^  ^^'   ^^-    ^^ 

rA 

■"''  same  numerical  value  therefore  in  figuring  the 
runs  every  possible  coribination  of  these  two 
identical  values  are  used. 

"FN  =  ^   '^FA  =  ®  ^1   =    1       ^.C25  -  4   ^.  -75  =  ^^ 

^2  =  ^ 

.',  accept  H 

Stress   level:      90f.  +    5>t 

FN        10,900        3,700        900        500        300        300        100 
FA  300  100  100  100 

Runs   =   FN   FN   Fn  FN  ^^/^^  FA   FA    FA    FN 

"FN  =   "7        "FA   =   -^     -^1   =   ^^         AC25   ^   "         ^.975  ^   " 

^2^    ' 

.'.  accept   Hq 
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CALCUT.ATIONS   FOR  LII^AR   REGRESSION 


FN 


s 

n(=log^QN) 

69 

4.07910 

72 

4.49136 

69 

4.41161 

67 

6.37099 

70 

4.99870 

72 

5.44514 

69 

4.73640 

70 

4.71767 

81 

5.45025 

79 

3.34242 

78 

4.29667 

7? 

3.94939 

78 

3.17609 

82 

3 . 00000 

79 

3.66276 

80 

3.23045 

For  calculation   purposes:      S   =  X   and   n  =  Y 


I  = 


W 


1194 


=    74.625 


7  =  Ell  =    69.359  08   ^   4. ,3494 
N  1^ 


Xi   =  Xi 


estimating  equation:   y  =  bx 


b  =  ^^l^i  =  -43.922445  =  -0.106156 
22  ^2  413.750 


y-,>T  =  -0.106156  X 
''FN  FN 


XY 


ZT  x.y. 

1"  X 


-43.  22445 


KI^x"^   X-y^'   "  1/(413.750)  (12. 16372)' 


-  -0.618625 


FA 


S   n(=log.j^QN) 


71 
72 
70 
71 
69 
73 
72 
71 
79 
81 
80 
81 
81 
82 
83 
82 


5.84646 
5.03902 
5.31133 
4.32838 
5.35583 
5.55847 
5.33385 
5.72827 
3.44716 
2.77815 
3.54507 
3.17609 
3.59106 
2.77815 
2.95424 
2.60206 


1  =  1^=   76.125 

7  =  6^-^^^^^  =  4.21085 

b  =  -^0-255729  ^  -0.213998 
421.750 


Y    =  -0.213998  x„. 
^FA  FA 


V 


«.   ^   •  fc,  *.-'  »w-     C  «. 


XY 


=  -0.936319 


V 


( 421. 750)( 22.03059) 


(continued) 
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CALCULATIONS   FOR  LINEAR  REGRESSION   (continued) 

estimating  equation   in   tenaa   of  the   original   observation 
units   is:      Y  =   a   +    bX        where   a   =  Y  -   b7 

a_,   rz   4.33494   +    ( 0.106156)  ( 74.625)    =    12.25683 

^FA   "^    4.21085   +    (0.213998)(76.125)    =    20.50145 
Ypjj  =    12.25683   -    0.106156  Xp^ 

Therefore   the   regression  equation  for  the  FN   series 
for  values    of  S  between  G6  and   84   percent    is 
log^QN   =    12.257    -    0.106   S 

Yp^   =    20.50145    -    0.213993  Xp^ 

Therefore  the   regression  equation  for   the   FA    series 
for  values   of  S  between  66   and   84   percent    is 
log^QlI  =   20.501   -    0.214   S 
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SIGNIFICANChI   test   for  DIFPaREHCt  a,  CORR£LATION  COEPKICIiJMTS 


rpjj  =   -0.618625 


Tp^   =   -0.936319 


«r       (°FA-(°FN 
oc  =   5% 


z   =   (1.1513)    [log^^d+r)    -   log^^d-^r)] 

X^  =  2:{n-3)z2   -   L^  (n-3)zj         ^   44.686    -    38.386   =   6.30 

22  ln-3) 

X  ,  =   3.84  .'.  reject   JL,      accept   H, 

1,  .05  °  ■»• 
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SIGNIFICANCE   TEST  FOR   DIFFERENCE  IN  SLOPES    iS  pj.  and  |Q 

FN 


Ypjj  =    12.25683   -    0.106156  X 


^FA   "^   20.50145   -    0.213998  Xp. 


•      (^FA  =  ^PN       "^^""^   %  ^""^   ^PA  ^""^   estimates   of   ^^ 
^1*       TFA   ^  /^FN  ^'^^    /^FA   respectively 

<^  =   5%  assumption:      the   two   populations   have 


a   common  variance 

test    for  common   variance 

H       0-2=0-2 
o     ^    ft;        ^  FA 


c^=    5%  Np^   =    16  Npj,  =    16 

i-V-    2  ^71(1    -    ^Fn)    _   255.4   _ 


N  -  2 
F  gg(  14,14)  =2.48   .'.  reject  H^,   accept  H^ 

test  for  difference  in  slopes   t  =  ^^  FN 


=  4.91 


^  ^FA-^FN 


where  s,    ,    =  s^ 
DpA'^^FN 


^ ^ ^PNi 


1 ^-       1 

i   FN     "^^'^FAj  '^FA^  J 


and  32  =  ^^"^FNi-^FNl^   ^  ^ ^ ^'pA  T^ VA  i ^  " 
^  Npjj  +  Nj,^  -  4 


{ continued) 
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SIGNIFICANCE  TEST   FOR   DIFKiRENCE 
IN  SLOPES    /Spjj  AND    3^^    (continued) 


,2  _   255.407875   -4-    52.001775 
32-4 


Sg  =   '^'^^*'*^'°l'^   -^    ^^..-u^^f,^   ^    10.9739 


sj        ,  =    10.9789   I      __-^__.   +  1         1=    0.052503 

°FA~'^FN 


r__i__  +  1      ~1=    0.( 

|_413.750         421.750] 

s.         ,         =   0.229135 
^FA'^^FN 

t    =    -0-S13993   ->■    0.106156   ^    -0.470 
0.229135 

*28..10  =   ■^•'^°  .'.accept   H^ 
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CALCULATIONS    FOR    PREDICTIO?:  IMTSRVALS 

Equation  for   prediction   interval 


L  =  a  +  bx-,4.t    ,      ,3^\i-t-i+  ^y^o-y-) 


o  o.(n-2)    -\\—    nZ(X,-X)^ 


t_       „.    =    2.145  3,.   =\I^1l1_^jJ_     -    \  /^55. 407875 


FN  Series 

Xq   =   70,    75,    &   80 

'14,. 05   ~    -•—  ^2 


X   =  70     ^1  =  'J  •3259  -  9.6707  =  -4.3448 
°  Lg  =  4.8259  +  9.6707  =  +14.4966 

X   =  75     ^i   =    4.2951  -  9.4452  =  -5.1501 
Lg  =  4.2951  +  9.4452  =  +13.7403 

X   =  80     ^i   =    3.7643  -  9.7491  =  -5.9848 
Lg  =  3.7643  +  9.7491  =  +13.5134 


FA  Series 

X   =  70,  75,  &  80 


I 


J 

14 


o 


14.. 05  =  ■'^•■^^^     -^fi  "  V  U''^ 


t..   _  =  2.145      s   =  \  ^i.^0^115  =  1.C273 


X  =  70    ^i  =   5.5216  -  4.4360  =  +1.0856 
Lr,   =  5.5216  +  4.4360  =  +9.9576 


X,.  =  75     ^1  =  4.4516  -  4.2672  =  +0.1844 
Lg  =  4.4516  +  4.2672  =  +6.7138 


^o 


X   =  80     ^1  =  3.3616  -  4.3320  =  +0.9504 
Lg  =  3.3816  +  4.3320  =  +7.7136 


APPENDIX  D 


DEFORMATION  TEST  DATA 
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TABLE   37 


DEFORMATION  TEST   RESULTS   FOR   NON-AIR-ENTRAINED  CONCRETE 

SPECIMEN   NO.    1 


Specimen  size:   12  inches  high  by  6  inches  in  diameter. 
Type  of  loading:   Compressive  at  a  rate  of  approximately 

10  psi./sec. 
Deflection  yoke:   lO-inch  gauge  length. 

Two  diametrically  opposed  Ames  dials. 


Dial  Readings  in  Ten  Thousands  of  an  Inch 


Load 

1st  C 

ycle 

2nd  C 

ycle 

3rd  C 

ycle 

4th  C 

ycle 

( lbs . ) 

Dial 

Dial 

Dial 

Dial 

Dial 

Dial 

Dial 

Dia 

#1 

#2 

#1 

#2 

#1 

#2 

#1 

#2 

500 

0 

0 

7 

4 

7 

5 

7 

5 

5,000 

5 

2 

13 

6 

12 

8 

13 

7 

10,000 

12 

5 

22 

8 

22 

9 

22 

9 

15,000 

20 

8 

30 

11 

29 

12 

30 

12 

20,000 

28 

11 

36 

15 

36 

16 

37 

17 

25,000 

35 

16 

42 

19 

42 

21 

43 

21 

50,000 

42 

20 

48 

25 

47 

26 

48 

26 

35,000 

49 

24 

53 

29 

52 

31 

53 

31 

40,000 

55 

29 

57 

34 

57 

36 

57 

36 

45,000 

62 

35 

62 

39 

62 

41 

62 

41 

50,000 

70 

41 

67 

45 

67 

46 

67 

47 

45,000 

67 

38 

64 

42 

63 

43 

64 

44 

40,000 

62 

35 

59 

38 

58 

39 

58 

40 

35,000 

56 

31 

54 

35 

53 

36 

53 

36 

30,000 

51 

27 

48 

30 

48 

32 

48 

32 

25,000 

45 

24 

43 

27 

42 

27 

42 

28 

20,000 

38 

20 

37 

23 

36 

24 

36 

24 

15,000 

31 

16 

29 

19 

29 

20 

29 

20 

10,000 

23 

13 

22 

15 

21 

16 

21 

16 

5,000 

14 

10 

13 

11 

12 

12 

13 

12 

500 

7 

4 

7 

5 

7 

5 

7 

5 

Ultimate  static  compressive  strength  of  specimen  after  having 
endured  the  four  load  cycles 92,540  lbs. 
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TABLE  38 


DEFORMATION  TEST 


PESULTS  FOR 
SPECIMEN 


NOri-AIF.-ENTKAII»'ED  CONCRETE 
NO.  2 


Specimen  size:  12   Inches  high  by  6  Inches  In  dianeter. 
Type  of  loading:   Compressive  at  a  rate  of  approximately 

10  psl./sec. 
Deflection  yoke:   10-lnch  gauge  length. 

Two  diametrically  opposed  Ames  dials. 


Dial  Readings  In  Ten  Thousands  of  an  Inch 


Load 

1st  C 

ycle 

2nd  C 

ycle 

3rd  C 

ycle 

4th 

Cycle 

(lbs.) 

Dial 

Dial 

Dial 

Dial 

Diel 

Dial 

Dial 

Dla 

#1 

#2 

#1 

#2 

#1 

#2 

#1 

#2 

500 

0 

0 

9 

8 

10 

9 

11 

9 

5,000 

6 

2 

14 

12 

15 

12 

16 

12 

10,000 

12 

6 

20 

17 

21 

17 

22 

18 

15,000 

18 

11 

25 

23 

26 

23 

27 

24 

20,000 

23 

17 

30 

28 

32 

29 

32 

29 

25,000 

28 

23 

35 

33 

36 

34 

37 

35 

30,000 

33 

29 

41 

39 

42 

40 

42 

41 

35,000 

39 

35 

45 

44 

47 

45 

47 

46 

40,000 

44 

41 

51 

50 

52 

51 

53 

52 

45 , 000 

51 

47 

56 

55 

57 

56 

58 

57 

50,000 

56 

55 

62 

61 

65 

62 

64 

63 

55,000 

64 

62 

67 

66 

69 

67 

69 

67 

60,000 

72 

69 

73 

71 

74 

72 

75 

73 

55,000 

68 

67 

69 

67 

70 

68 

70 

69 

50,000 

63 

62 

64 

63 

65 

64 

65 

65 

45,000 

58 

57 

59 

58 

59 

59 

60 

60 

40,000 

52 

53 

53 

54 

54 

55 

54 

55 

35,000 

47 

48 

48 

49 

49 

50 

49 

50 

30,000 

42 

42 

42 

44 

43 

45 

44 

45 

25 , 000 

37 

38 

37 

39 

38 

40 

38 

40 

20,000 

32 

33 

32 

34 

32 

34 

33 

35 

15,000 

26 

27 

26 

28 

27 

29 

27 

29 

10,000 

21 

21 

21 

23 

21 

23 

22 

24 

5,000 

15 

15 

15 

16 

16 

16 

16 

16 

500 

9 

8 

10 

9 

11 

9 

11 

9 

Ultimate  static  compressive  strength  of  specimen  after  having 
endured  the  four  load  cycles 94,880  lbs. 
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TABLE  39 


DEFORMATION  TEST 


RESULTS  FOR 
SPEC1^I]N 


NON-AIH-ENTR/.INED  CONCRETE 
NO.  3 


Specimen  size:   12  inches  high  by  6  inches  in  diameter. 
Type  of  loading:   Compressive  at  a  rate  of  approximately 

10  psi./sec. 
Deflection  yoke;   10-inch  gauge  length. 

Two  diametrically  opposed  Ames  dials. 


Load 
(lbs.) 


Dial  Readings  in  Ten  Thousands  of  an  Inch 
1st  Cycle    2nd  Cycle    3rd  Cycle    4th  Cycle 
Dial  Dial   Dial  Dial   Dial  Dial   Dial  Dial 


5 
10 
15 
20 
25 
30 
35 
40 
45 
50 
55 
60 
65 
70 
65 
60 
55 
50 
45 
40 
35 
30 
26 
20 
15 
10 

5 


500 
000 
000 
000 
000 
000 
000 
000 
000 
000 
000 
000 
000 
000 
000 
000 
000 
000 
000 
000 
000 
000 
000 
000 
000 
000 
000 
000 
500 


#1 

0 
7 
14 
20 
27 
34 
41 
48 
55 
62 
69 
77 
84 
94 
103 
101 
96 
91 
86 
81 
75 
70 
64 
58 
51 
44 
36 
27 
17 


#2 

0 
1 
5 
8 
13 
17 
21 
26 
32 
37 
44 
51 
57 
65 
72 
69 
65 
60 
56 
52 
47 
43 
38 
33 
27 
22 
17 
12 
7 


#1    #2 


#1    #2 


17 
25 
33 
40 
46 
53 
59 
65 
71 
77 
83 
89 
95 
101 
108 
104 
99 
94 
89 
84 
78 
72 
66 
60 
53 
46 
38 
34 
19 


7 

8 
12 
17 
22 
27 
33 
38 
43 
48 
54 
59 
64 
69 
75 
72 
67 
63 
58 
54 
50 
45 
40 
35 
30 
24 
18 
13 

8 


19 

27 
35 
42 
49 
56 
62 
68 
74 
80 
85 
91 
97 
103 
110 
106 
101 
96 
91 
86 
80 
74 
68 
62 
55 
46 
40 
31 
21 


8 
9 

13 
18 
23 
29 
35 
41 
46 
61 
56 
61 
66 
72 
77 
73 
69 
65 
60 
56 
52 
47 
42 
37 
32 
26 
20 
14 
9 


21 

29 
37 
44 
51 
58 
64 
70 
76 
82 
88 
94 
100 
106 
112 
108 
103 
98 
93 
87 
82 
76 
70 
65 
57 
49 
41 
32 
21 


#2 

9 
10 
14 
20 
25 
31 
37 
43 
48 
53 
58 
63 
68 
73 
78 
75 
71 
66 
61 
57 
52 
47 
42 
37 
32 
26 
20 
14 

9 


Ultimate  static  compressive  strength  of  specimen  after  having 
endured  the  four  load  cycles 95,820  Its. 
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TABLE  40 


DEFORMATION  TEST  RESULTS  FOR  AIR-ENTRAINED  CONCRETE 

SPECIMEN  NO.  1 


Specimen  size:   12  inches  high  by  6  inches  in  diameter. 
Type  of  loading:   Compressive  at  a  rate  of  approximately 

10  psi./sec. 
Deflection  yoke:   lO-inch  gauge  length. 

Two  diametrically  opposed  Ames  dials. 


Load 
(lbs.) 


500 

5,000 
10,000 
15,000 
20,000 
25,000 
30,000 
35,000 
40,000 
45,000 
50,000 
45,000 
40,000 
35,000 
30,000 
25,000 
20,000 
15,000 
10,000 

5,000 
500 


Dial  Readings  in  Ten  Thousands  of  an  Inch 
1st  Cycle    2nd  Cycle    3rd  Cycle    4th  Cycle 
Dial  Dial   Dial  Dial   Dial  Dial   Dial  Dial 
#1    #2     #1    #2     #1    #2     #1    #2 


0 
3 
8 
12 
17 
23 
29 
34 
41 
47 
53 
49 
44 
39 
35 
30 
25 
20 
16 
11 
6 


0 
8 
16 
24 
30 
37 
43 
49 
56 
62 
68 
64 
60 
55 
49 
43 
36 
30 
23 
14 
5 


6 
12 
17 
23 
29 
35 
41 
46 
52 
57 
63 
59 
54 
49 
43 
38 
32 
26 
20 
14 

8 


5 
10 
16 
21 
27 
32 
37 
42 
48 
53 
59 
55 
50 
45 
40 
35 
30 
25 
19 
12 

4 


8 
13 
19 
25 
31 
37 
42 
48 
53 
59 
65 
60 
55 
51 
44 
39 
33 
27 
21 
14 

8 


4 

9 

15 

20 

26 
30 
35 
40 
46 
51 
57 
53 
48 
44 
38 
33 
28 
23 
18 
11 
4 


8 

13 
19 
25 
31 
37 
42 
48 
54 
60 
65 
61 
56 
50 
45 
39 
33 
28 
21 
14 
8 


4 
9 
15 
20 
26 
30 
35 
40 
46 
51 
57 
53 
48 
43 
38 
33 
27 
23 
13 
11 
4 


Ultimate  static  compressive  strength  of  specimen  after  having 
endured  the  four  load  cycles 57,570  lbs. 
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TABLE   41 

DEFORMATION  TEST   RESULTS   FOR  AIR-ENTRAINED  CONCRETE 

SPECIMEN   NO.    2 


Specimen  size:   12  inches  high  by  6  inches  in  diameter. 
Type  of  loading:   Compressive  at  a  rate  of  approximately 

10  psi./sQC. 
Deflection  yoke:   10-inch  gauge  length. 

Two  diametrically  opposed  Ames  dials. 


Load 
( lbs . ) 


500 
5,000 
10,000 
15,000 
20,000 
25,000 
30,000 
35,000 
40,000 
45,000 
50,000 
55,000 
60,000 
55,000 
50,000 
45,000 
40,000 
35,000 
30,000 
25,000 
20,000 
15,000 
10,000 
5,000 
500 


Dial  Readings  in  Ten  Thousands  of  an  Inch 
1st  Cycle    2nd  Cycle    3rd  Cycle    4th  Cycle 
Dial  Dial   Dial  Dial   Dial  Dial   Dial  Dial 
#1    #2     #1    #2     #1    #2     #1    #2 


0 
10 
20 
30 
39 
48 
57 
65 
73 
81 
89 
97 
105 
101 
96 
90 
85 
78 
71 
64 
56 
48 
39 
29 
18 


0 

1 

4 

6 

10 

14 

17 

22 

26 

32 

37 

43 

48 

45 

41 

37 

33 

29 

25 

22 

18 

14 

10 

6 

1 


18 
27 
37 
45 
52 
60 
67 
74 
80 
87 
92 
98 
104 
101 
95 
90 
84 
78 
71 
64 
56 
48 
39 
30 
19 


1 

3 

5 

9 

14 

18 

23 

26 

31 

35 

40 

45 

50 

46 

42 

38 

34 

30 

26 

23 

19 

15 

11 

6 

2 


19 
28 
37 
45 
53 
60 
67 
74 
81 
87 
92 
99 
105 
101 
95 
90 
84 
78 
71 
64 
57 
48 
39 
30 
19 


2 
3 
6 

10 
15 
19 

24 
26 
32 
36 
41 
45 
50 
46 
42 
38 
35 
31 
27 
23 
19 
15 
11 
7 
2 


19 
28 
37 
46 
53 
61 
68 
75 
81 
87 
93 
99 
105 
101 
96 
90 
84 
78 
71 
65 
57 
48 
39 
30 
20 


2 
4 
6 
10 
15 
20 
24 
28 
33 
37 
42 
46 
51 
47 
43 
39 
35 
31 
27 
24 
20 
15 
11 
8 
2 


Ultimate  static  compressive  strength  of  specimen  after  having 
endured  the  four  load  cycles 101,720  lbs. 


I 
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TABLE   42 

DEFORMATION   TEST   RESULTS   FOR  AIR-ENTRAINED  CONCRETE 

SPECIMEN   NO.    3 


Specimen  size:   12  inches  high  by  6  inches  in  diameter. 
Type  of  loading:   Compressive  at  a  rate  of  approximately 

10  psi./sec. 
Deflection  yoke:   10-lnch  gauge  length. 

Two  diametrically  opposed  Ames  dials. 


Dial  Readings  in  Ten  Thousands  of  an  Inch 

Load    1st  Cycle    2nd  Cycle    3rd  Cycle  4th  Cycle 

(lbs.)    Dial  Dial   Dial  Dial   Dial  Dial  Dial  Dial 

#1    #2     #1    #2     #1    #2  n          #2 


5 
10 

15 
20 
25 
30 
35 
40 
45 
50 
55 
60 
65 
70 
65 
60 
55 
50 
45 
40 
35 
30 
25 
20 
15 
10 
5 


500 
,000 
,000 
,000 
,000 
,000 
,000 
,000 
,000 
,000 
,000 
,000 
,000 
,000 
,000 
,000 
,000 
,000 
,000 
,000 
,000 
,000 
,000 
,000 
,000 
,000 
,000 
,000 

500 


0 
5 

11 

16 
21 
26 
30 
35 
39 
43 
48 
51 
56 
61 
67 
64 
60 
56 
51 
47 
42 
37 
32 
27 
21 
15 
9 
3 
-1 


0 
5 
12 
19 
27 
35 
42 
49 
56 
62 
68 
75 
82 
90 
98 
95 
90 
86 
81 
76 
70 
65 
60 
54 
47 
40 
32 
22 
10 


-1 
3 
8 
14 
19 
24 
29 
33 
38 
42 
47 
51 
56 
60 
64 
61 
58 
53 
51 
45 
40 
35 
30 
25 
19 
13 
8 
3 
-1 


10 
16 
24 
31 
39 
46 
53 
60 
66 
73 
78 
84 
89 
95 
102 
98 
93 
88 
83 
78 
73 
68 
62 
56 
50 
42 
34 
23 
11 


-1 
3 
8 

13 

19 
24 
29 
33 
38 
42 
47 
51 
55 
60 
63 
61 
57 
53 
49 
44 
40 
35 
30 
25 
19 
13 
8 
3 
-1 


11 
17 
25 

33 

40 
47 
55 
62 
67 
74 
79 
86 
91 
96 
103 
100 
94 
89 
84 
79 
74 
68 
63 
57 
51 
43 
35 
24 
12 


-1 
3 
8 
13 
19 
24 
29 
33 
38 
42 
47 
51 
55 
59 
63 
60 
57 
52 
49 
44 
40 
35 
30 
24 
19 
13 
8 
3 
-1 


12 
18 
25 
34 
41 
49 
55 
62 
68 
75 
81 
86 
92 
97 
104 
100 
95 
90 
85 
80 
74 
69 
64 
57 
51 
44 
35 
25 
12 


Ultimate  static  compressive  strength  of  specimen  after  having 
endured  the  four  load  cycles 112,510  lbs. 


